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1. INTRODUCTION

The objective of this program was to develop techniques for

nondestructive evaluation of silicon-on-sapphire films and to relate the

parameters of the starting material to the performance and yield of

devices fabricated in the material.

To accomplish this objective, a large number of SOS wafers were

purchased from a commercial supplier or grown under varied conditions in

our laboratory. The wafers were characterized by nondestructive

* techniques suitable for eventual use as quality assurance screening

tests. In addition, selected wafers were characterized by methods which

are destructive or too costly for quality screening, but add information

on the physical condition of the material. Test structures including

active devices were fabricated in the SOS wafers and electrically tested

to provide yield and performance data. The yield data were analyzed to

identify significant factors relating starting material parameters to

*device yield.

1.1 Review of SOS Characterization Methods

Many techniques have been used to characterize the electrical

and structural properties of SOS wafers. The electrical techniques are

difficult because of the submicron thickness of the silicon epi layer.

In such a thin layer, the silicon surface and the silicon sapphire

interface exert a strong influence on electrical behavior. The

influence of the surface can be controlled by depositing an oxide and an

electrode to adjust the surface potential."1 ) This allows determination

of film resistivity by a modified Van der Pauw (MVDP) technique with the

four electrical contact points located near the edge of the wafer. The

(2)MVDP method has also been applied without surface passivation.

-0
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Four-point probe measurements have also been used to detect low film

resistivity caused by contamination during growth. (2) More detailed

information on the effective band structure and deep levels has been

obtained from surface photovoltage measurements.(
3

The structural characteristics of SOS have been established by

TEM studies. Cross-sectional TEM shows the high density of nicrotwins

that comprise the predominant crystallographic defect in the silicon

epilayer. (4 ,5 ) High-resolution TEM has established that the silicon-

sapphire interface is locally free of defects. (° ) Defects can also be

observed through Rutherford backscattering (RBS), which provides a depth

(7)
profile of defect density.

Electron beam channeling can also give a quantitative measure of

crystal perfection. (8 ) Electron channeling is. a diffraction process

based on the scattering of electrons from a selected crystal plane. By

measurement of the scattered signal at a selected region on the Kikuchi

figure, an index of crystal perfection is derived. X-ray diffraction

techniques are also used for the same purpose. Rocking curves measure

the FWHM of diffraction peaks analogous to the e-beam channeling.(9)

X-ray pole figures allow a measurement of the volume fraction of

microtwins located on the four allowed twin planes. 1 3  Crystal

perfection can also be roughly assessed by etching techniques. The

composition of the silicon epilayer can be determined, within

sensitivity limits, by SIMS.
( 12 )

Optical techniques have been applied to evaluate SOS quality.

Visual inspection and classification by judgement of surface haze has

been an accepted practice for SOS wafer inspection. ( 2 ) The surface

reflectance at ultraviolet wavelengths has been shown to be related to *

crystal quality. ( 13 ) Raman shift spectroscopy can be used to measure

the compressive stress in the silicon epilayer.
(1 4 )

S
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1.2 Methods Selected for Study

The objective of the program was to develop methods for quality

assurance for as-grown SOS wafers. Optical methods were considered as

being nondestructive, rapid, and inexpensive enough to allow screening

of every wafer before fabrication. The visual haze inspection method

that had been used in the industry is an acceptance test for SOS

wafers. For this program, the primary method for characterization was

designed to be a quantitative, precise equivalent to the visual haze

inspection. Haze as perceived by the human eye is the result of -

scattering of light from the surface of the wafer at angles widely

separated from the specular reflectance angle of the directly reflected

light. The method of UV scattering haze measurement, described in

Section 3.2.1, accurately measures the low level of ultraviolet light

scattered at the silicon epilayer surface. The scattered light ..

intensity is expected to be related to crystal quality through the

causes of scattering. Light may be scattered by inhomogeneities in the

material, giving a scattering signal proportional to the density of

crystal defects or other nonuniformities in the epilayer. Scattering

may also arise from surface facets or asperities. The surface of an SOS

wafer may be indicative of the epilayer quality in a way that is not

true for bulk silicon wafers. The SOS surface represents a crystal

growth interface with the vapor phase source of silicon. Crystal

defects in the layer can be expected to produce surface features through

local disruption of the crystal growth process that would otherwise

exist on a uniform crystal facet. Bulk wafers are cut and polished, so

no traces exist on the surface of crystal growth processes. Although

there were no prior reports to establish a definite connection between

crystal defects and surface scattering, the reliability of visual haze

as a quality index (2 ) indicated that such a connection did exist. The
UV scattering method offers some operational advantages over the UV

reflectance method. For reflectance measurements, it is necessary to

measure the difference between relatively large numbers; namely, the

intensity of the direct reflection from an SOS wafer and the reflection

. A3
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from a silicon standard. This creates the usual difficulty in main-

taining high accuracy of the directly measured quantities so that the

difference will be precise. For scattering measurements, a very small

quantity is measured directly. The scattered light signal is many

orders of magnitude smaller than the directly reflected light signal,

but the highly sensitive photomultiplier tube detector allows very

precise measurements. This comparison is explained further in

Section 3.

The measurement of epilayer stress by Raman scattering

spectroscopy was also selected as a primary characterization nethod.

The physical basis of Raman shift measurements of stress had been

established for silicon bulk samples and for SOS wafers. However, there

was no information about the variations in stress that might be observed

in wafers from production runs, or among wafers grown under different

conditions. Since the layer stress in itself is a major factor

affecting electron mobility, an effort was nlanned to determine whether

stress could be a yield factor as well. The Raman peak linewidth was

also to be investigated as an indicator of local stress nonuniformity.

Standard methods of optical interferometry were used to measure

wafer bow and flatness, and epilayer thickness was measured by

reflectance interferometry. The substrate orientation was checked by

X-ray. The purpose of standard measurements was to determine how well

the vendor wafers met the specifications and to identify any problems in

wafer conformation. More detailed techniques were used to assess the

defect structure of selected wafers. Rutherford backscattering was used

to verify that low-temperature epilayers were of lower auality as

intended. Cross-section TEM micrographs were used to determine

microtwin densities on the major and minor twin planes for comparison

with haze measurements. 'When the rotation angle dependence of UV

scattering was discovered, additional surface texture characterizations

by Nomarski differential-interference contrast optical microscopy and by

profilometrv were performed. Conductivity DLTS measurements were made

" -*i 1 " -. " -' - - " .-.-" • ' i . .--, ' -
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on the fabricated devices to observe trap levels that might arise from

contamination during processing. 6

1.3 SOS Wafers Obtained for Study

A total of 110 SOS wafers were purchased for this program from

Union Carbide, Crystal Products Division. The specifications were

consistent with the then current requirements of Westinghouse ATL in

order to be sure that these wafers would be processed in the same way as

their SOS products. The specifications were typical for industry orders

of the time. The 2-inch wafers were to have a 500 nm thick epilayer

with a 10% tolerance. Substrate orientation, wafer dimensions, and

visible defects were also specified, as shown in Table I.

For identification purposes, each vendor wafer was assigned a

number, from WIF to WLLUF, in sequence. The prefix W and suffix F serve

to identify the wafers i- part of this program and are sometimes

omitted. Most of the wafers have their number scribed into the epilayer

near the rim diametrically opposite the flat.

In addition to the SOS wafers, 55 sapphire substrates were

purchased from the vendor, Union Carbide. The specifications were the

same as for the SOS substrates. These substrates were used for epilayer

growth at Westinghouse to study the effects of varying growth conditions

on the characterization methods and on device yield. Some 2-inch

substrates were also obtained from Kyocera under another program and

exchanged for some of our Union Carbide substrates.

The silicon epilayers were deposited in a horizontal reactor

with hydrogen carrier gas and silane source gas. The graphite susceptor

was coated with silicon carbide before epi runs to prevent contami-

nation. The principal variable of the epi runs was the deposition

temperature. Runs at 880 and 900 0C (optical pyrometer uncorrected) were

intended to have suboptimal epilayer quality. Runs at 970 and 1000 0C

were close to the optimum for our system as determined in separate

experiments. A summary of the Westinghouse epi runs is shown in Table 2.

5
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Table 1

SOS Wafer Specifications

Substrate:

1. Crystalline Sapphire: (A170 3 ), no slip, twins, or lineage

2. Orientation: IT02 + 2"

3. Diameter: 2.000 ± .010 inches

4. Thickness: .013 ± .002 inches

5. Flat Location: oarallel to (110) silicon ,Iine and 0721

sapphire plane ± 20(

6. Flat Width: .675 ± .125 inch

7. Out of Roundness: .050 maximum

8. Bow: 250 un maximum

9. Taper: 50 Wm maximum

10. Finish: front - epi polish

back - fine ground

11. Pits: no more than 4 pits/substrate; less than 50 Um

diam.

12. Scratches: none longer than 0.5 inches
90 of 100 wafers to have no scratches

13. Cracks: none

14. Edge Chips: less than 10/substrate; no chips more than

.040 inches deep

15. Material: new material only; no repolished wafers

Epilayer:

1. Dopant: intrinsic

2. Resistivity: greater than 50 ohm-cm

3. Thickness: 0.5 um ± 10 percent

4. Surface Finish: no visible spikes

5. Orange peel: none

6. Haze: no visible haze

6j

6.
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Table 2

Westinghouse Epilayers

Number of Wafer Deposition
Wafers Number Temperature Substrate

6 301-306 880 Union Carbide

6 307-312 900 Union Carbide

6 401-406 1000 Union Carbide

4 407-410 1000 Kyocera

6 411-416 970 Kyocera

4 417-420 970 Union Carbide

4 421-424 900 Union Carbide

The wafer numbers run in the 300-400 range to distinguish them from the

vendor SOS wafers. Elsewhere in the report these wafer numbers appear

with the W-F prefix-suffix notation.

Additional wafers were available at various times during the

program and were characterized by some of our techniques. Several wafers

fabricated by the solid-phase epitaxial regrowth method, under a

separate contract (VHSIC Phase III Improved SOS, Contract No. F33615-79-

C-1946, Wright-Patterson), were characterized for layer stress by Raman

spectroscopy. Recently, sample lots of 4-inch SOS wafers from Union

Carbide and Kyocera were acquired by Westinghouse ATL Division for

evaluation. These were characterized for UVS haze and rotation angle

dependence of haze. Results of the characterizations are reported in

the appropriate sections.
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2. CHARACTERIZATION BY STANDARD METHODS

2.1 Wafer Flatness

The wafer flatness is measured as the deviation from flatness of

the epilayer surface when the back surface of the wafer is held by

vacuum against a flat reference surface. This measurement therefore

indicates the thickness uniformity of the wafer. This parameter is of

critical importance for photolithography processes during device

fabrication. If the wafer is not flat, it will not be possible to 4et a

ood focus over the whole wafer for a projection mask. Regions which

ire out )f focus will not be properly registered and exoosed, decreasi:f

the device yield in such areas. Wafer flatness becomes even more

important when device dimensions are scaled downward, closer to optical

waveleneths. By using shorter wavelength light and diffraction-limited

lenses to get barrier resolution, the depth or focus is decreased and

wafer flatness specifications must be tightened.

Two special considerations must he taken into account in

specifving wafer flatness. First, it can be seen that a simple taper of

wafer thickness will not prevent proper focussing; that is, if the wafer

thickness varies linearly with the position. Secondly, it is now a

common practice to expose one chip it i time on the entire wafer bv
direct-step-on wafer (DSW) photolithographv. For corrert )SW focussing, . S

* flatness must be maintained only in the area exposed, which is typically

smaller than I cm'. The appropriate specification for DSW processing is

exDressed as a deviation from flatness within an exposure range, for

oxample, 2 microns per inch. Finaliv, it can be mentioned that other -i

pattern deposition techniques, such as X-ray and electron beam litho-

,r iphv, have greater depth of field and are less sensitive to wafer

f fatness.
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The wafer flatness measurements were made on a Tropel model 9000 f
wafer flatness analyzer, an optical interferometric instrument of -

adjustable sensitivity. Wafers were mounted on a 2-inch diameter

Perkin-Elmer type vacuum chuck, identical to vacuum fixtures typically

used for photolithography. The wafer and vacuum fixture were dusted by

dry nitrogen passed through a 3M brand static eliminator to remove all

dust.

The entire surface of the wafer is shown in contour map form as

seen in Figures la and b. Each dark fringe in the pattern represents a

contour of constant thickness. The surface of the vacuum chuck is also

visible in the figure, and adjustments on the Tropel instrument have

been used to level the chuck within one fringe of tilt. The backside of

the wafer is thus held by vacuum against a flat, level surface. The

interval between fringes is adjustable by an instrument setting.

Figure Ic shows the calibration of the given setting by an optical wedge

of known taper. There are 22 fringes in the 20.2 um taper of the wedge,

yielding a calibration of 0.92 =n per fringe.

High and low areas on the wafer are identified by applying light

pressure to the fixture which holds the vacuum chuck. The fringes move

*away from high points and toward low areas. The highest point on the

test wafer in Figure I is the circular fringe near the center, and the

lowest point is at the rim near the 10 o'clock position. There are

9.5 fringes between high and low points, or 8.7 um, when the vacuum

applied is 5 inches. At 25 inches of vacuum, the wafer changes shape

slightly so there is about 9.7 = of thickness variation. This probably

indicates that at the lower vacuum, the wafer backside was not in

conformity with the surface of the chuck. Measurements for this program

were performed at 20 inches of vacuum, which is typically used in

photolith steps. All measurements were made with the vacuum chuck

surface levelled with no attempt to account for wafer taper.

The high and low spots were identified, and fringes counted down

from high toward low. The fringe count was confined to the center part

9

*



a -4

Ss

a)

.

S

b) 2ab

1 0

I]

c)

Figure 1o SOS wafter f ~ltness meastroment ,nd r a) 5 inches of vacuum,-
b) 25 inches of vacuum, c) calibrat ion wtd ,,.

L- ]-1

[ ]~3(

[ ' --



of the wafer, discounting rounding of the wafer edge where devices are

not usually fabricated. There is some operator judgment involved in

identifying the central region of the wafer. In Figure 2a, most of the

wafer shown is very flat, with some edge rounding at the left side. The

closely spaced group of fringes at the left is not counted. Figure 2b

shows a common configuration among the vendor wafers. The lower half of

the wafer is very flat, but the upper half shows closely spaced parallel

fringes indicating taper. This wafer has a "peaked-roof" shape with two

planar regions at a slight angle to each other. The close fringes defi-

nitely lie within the central area of the wafer and must be counted. It

would be impossible to align this wafer to get perfect focus on both

halves in a single, whole-wafer mask process. However, using a DSW

projection aligner, excellent focus could be obtained on each half by

realignment during each individual chip exposure. The only problem

would arise with chips that straddle the "peak" of the roof shape.

Finally, Figure 2c shows a wafer which is more uniformly tapered across

an entire diameter. There were only a few wafers with such an evenly

spaced pattern of parallel fringes.

The distribution of wafer flatness data is shown in Figure 3.

The mean value of flatness is 4.05 =r and the rms variation about the

mean is 1.83 pm. The range of variation is from 1.37 to 9.06 um. All

of the wafers met the specification of 10 Vm flatness, although many

would have shown a greater variation if the edge rounding had not been

neglected.

2.2 Wafer Bow -

Wafer bow is defined as the deviation from flatness of the wafer

surface when the wafer is unconstrained. For measurements of bow, the

wafer is held by a vacuum fixture of small diameter located at the

center of the wafer. The wafer is free to assume its natural shape

without being distorted by the small vacuum contact area. Wafer bow is

expected to be a yield factor because of the importance of wafer shape

in various processing steps. The shape of a wafer determines the
* 5,
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Figure 3. Distribution of wafer flatness data from interferograms.
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contact area and the proximity of the wafer to the supporting structure

when the wafer is laid flat on a heated surface for process steps such

as oxidations. The contact area and proximity to the heated surface

will affect the temperature distribution in the wafer, and so will

affect the uniformity of the result of the process step. Nonuniform

temperature distributions can also contribute to cracking of the wafer

due to thermal stress.

There are several causes of wafer bow. Due to the different

thermal expansion coefficients of silicon and sapphire, the silicon

layer is placed in compression in cooling from the growth temperature *f

the epilayer. For isotropic substrate and epilayer, this woula give a

wafer which is convex viewed from the epilayer side, with approximately

spherical shape near the center of the wafer. The substrate, however,

is not isotropic. Because of the hexagonal crystal structure of

sapphire, the elastic response of the substrate is a function of

direction. As a result, the wafers are not spherical but typically show

a symmetry axis which lies along the c-axis projection in the plane of

the wafer. The shape of the wafer is also affected by residual stresses

which may exist in the substrate depending on the fabrication processes

*- involved. Wafer bow measurements were taken on a Trope! Model 9000

I. wafer flatness analyzer. This is an optical interferometric instrument

with adjustable sensitivity.

The wafer is held by vacuum on a "wafer-bow chuck" supplied by

Tropel. The vacuum mount consists of a single cup about 0.25 inch in

diameter. Aside from contact with this cup, the wafer is not in contact

with any other surface on the vacuum chuck or the surface plate.

The wafer shape measured this way is the free or unconstrained

shape, subject only to the vacuum pressure at the center and distortions

due to gravity. Examination of fringe patterns shows that no change is 0
visible when the vacuum is varied from 5 to 25 psi, and the influence of

gravtty is assumed to he negliibtbe."- "

14
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Typical interferograms are shown in Figure 4. Wafer W37F is

approximately spherical in shape. The surface is convex when viewed .

from the side of the epilayer, as determined by observing that the

fringes run toward the edge of the wafer when pressure is applied to the

mounting fixture. The fringe sensitivity for this interferogram was

4.75 m per fringe, giving a total bow of 19 Um from the highest point .

to the edge. Also shown in Figure 4 is an interferogram of wafer

W4IF. This wafer has a saddle shape with two high spots diametrically

opposite each other, and two low points at the extreme of a diameter

about 90 degrees away from that connecting the high spots. The total

range from high to low is 4.5 fringes, or 21 pm. The diameter

connecting the high spots coincides with the c-axis projection in the

plane of the wafer. Evidence for the alignment of this symmetry axis is i
presented in the section on the angular dependence of UV scattering

(Section 3.2.5).

The range of variation in wafer shape is illustrated in

Figure 5. The wafer in Figure 5a is practically flat, while the wafer

in Figure 5b is strongly warped, with a total bow of 25 um. The

distribution of the bow data is shown in Figure 6. The mean value is

5.4 um with an rms variation of 5.2 above the mean. The range of

variation is from 2.4 to 25.3 uM. All of the wafers met the

specification of less than 50 pm or bow.

2.3 E2ilayer Thickness Measurements

The thickness of the silicon epilayer is one of the parameters

specified when ordering SOS wafers. Deviations from the specified

limits on layer thickness can reduce eventual device yield. Various

process steps, such as deep implants to suppress back-channel leakage,

are sensitive to layer thickness and will not be effective in wafers -

that do not meet the specification. In this section we describe the

characterization of vendor wafers with regard to layer thickness.

Results are presented for the average layer thickness on each wafer, the

15
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Figure 4. Interferograms showing the unconstrained shapes of wafers
W37F and W41F; the calibration is 4.75 Wm/fringe.
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Figure 5. Wafer bow interferograms -- 4.8 microns/fringe:

a) least bowed, h) most bowed.
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range of variation of layer thickness on each wafer, and the number of

measurements out of the specified range of variation. The method chosen

for silicon layer thickness is based on wavelength-dependent reflection,

a nondestructive technique suitable for screening on all wafers. The

instrument, an Applied Materials Reflectometer I, directs white light

onto a spot about 0.25 x 5.0 - in size on the wafer. Reflected light

is focussed onto the slit of a monochromator to provide wavelength

selectivity. The monochromator is adjusted for successive local

minimums in reflectivity, and the wavelengths are read on a calibrated

dial. Maximum or minimum reflectivity occurs at wavelengths given by

4nd S1- S(2
M + t

where n is the index of refraction of the silicon layer, d is the -

thickness of the layer, X is the wavelength in air, and S, and S2 are

phase angles for reflections at the air-silicon and silicon-sapphire

interfaces. ( 15 ) The minimum reflectivity is obtained when m is an even

integer, and maximum when m is odd. The phase angles are given by

tan S2k 2

ta S1 + k

(2)
2k n

tan S=
2 n 2 n 2 + k 2

where k is the absorption of the silicon film and ns is the index of the

sapphire substrate. ( 15 ) Computation of the expected values of S1 and S2

in the wavelength range of interest, using n and k values from

Verleur,( 16 ) show a negligible contribution of 2 nm or less from this

term. The layer thickness is thus given with sufficient accuracy by

mXm

d -' (3)
2nI

-where m is an integer for the order of the reflectivity minimum.

19

19 . ... .
. ... . i--.



To make use of Equation 3, the proper order number m must be

known, which is determined bv testing for consistency in a given data

set. Typically about six reflection minimums can be observed which

represent six independent thickness measurements via Equation 3 for six

consecutive increasing values of m, starting from a minimum value m. at

the longest wavelength. For a given value of noo, a computer program is

used to compute the six resulting values of d from Equation 3, taking

into account the wavelength dependence of n by means of a polyromial fit
to the data of Huen. ( 1 7 ) The correct value of mo is assumed to give the

lowest sample standard deviation of the six thickness values so

computed. Once mo is identified, the average value of the six computed

thicknesses is reported as the measured layer thickness. The sample

standard deviation reflects the statistical uncertainty in the

4 thickness. Possible sources of error are inaccurate reading of the

wavelength, neglect of the interface phase angles, incorrect index of

refraction at wavelength, and local inhomogenei-ies in the sample. The

observed standard deviations are typically about three percent of the

layer thickness, so the statistical uncertainty is not a serious 0

problem.

The uniformity of the laver thickness is assessed by repeating

the measurement at five points on the wafer. One point is at the center '

of the wafer, while the other four points are spaced 90 degrees apart on

a circle of one-inch diameter, as shown in Figure 7.

In order to verify the accuracy of this technique, a direct

comparison has been made with a mechanical layer-thickness measure-

ment. Two SOS vendor wafers were chosen for the comparison experi-

ment. The original epilayer-thickness data for these wafers are shown

in Figure 7 along with the location of the measurement points.

Examination of the data shows that wafer W32F has a substantial

thickness variation along the line connecting points 5, 1, and 3, and

W58F has a thickness variation along the line 2, 1, and 4. These

wafers, selected as among the worst of the vendor wafers in thickness

uniformity, were used to verify the degree of thickness variation and to

20)
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Dwg. 7755A15

1-Inch Diameter -

- 4

W32F W58F

Initial Layer Thickness Measurements

Location W32F W58F
4 1 508 506

2 526 478
3 476 507
4 498 539
5 538 500

Figure 7. Initial reflectivity data for selected vendor wafers showing
measurement locations and orientation of etched stripes.
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get more detailed data on whether the layer thickness varied smoothly or

irregularly across the wafer.

Both wafers were masked by painting black wax over the surface,

leaving a strip exposed about 8 mm wide. The silicon in the exposer!

stripe was then removed using a nitric, acetic, hydrofluoric acid

etch. The orientations of the etched stripes are shown in Figure 7.

* Epilayer-thickness measurements were made along the edges of the stripes

by taking surface-profile traces with a Talystep profilometer. A

typical trace is shown in Figure 8. The precision of this measurement :- "

is estimated at about 6 nm. After each trace was taken, a mar' as ma n

on the exposed sapphire to indicate the position of the measurement.

The wafers were then placed in the optical reflectometer, where

epilayer-thickness measurements were made as closely as possible to the

marks. The long axis of the illuminated area was placed Perpendicular i

to the edge of the etched stripe to minimize the thickness variation

within the measured area.

The results of this comparison are shown in Figure 9. The

substantial thickness variation detected by the original reflectivity-

point measurements is confirmed. Wafer W32F shows 10% variation over a

one-inch range based on the detailed measurements, while the original

data indicated a 12% variation between points 2 and 4. Wafer W58F shows

11% variation over a one-inch range compared to 12% between points 5 and

3 in the original data. The Talystep data agree well with the

corresponding reflectivity data. The reflectivity data for W32F average

to 1.9 nm less than the Talystep data, with 2.3 nm rms variation about

the mean. Wafer W58F showed reflectivity data averaging 5.9 nm less

than the Talystep data, with 3.2 nm rms variation. There is no probable

systematic error on wafer W58F since there is little thickness variation

in the direction perpendicular to the stripe. However, in wafer W32F

there is a thickness change of 28 nm between points 2 and 4 as shown in

Figure 7. If the thickness variation is approximately linear, this

reduce s to 1.1 nm of thickness change per I mm of displacement along the

line joining points 2 and 4. Because of the size of the illuminated

S.-. '.
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Figure 8. Talystep surface profile of measurement point on W58F;
* height of step indicates thickness of epilayer.
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area, the center of the measurement region in the reflectometer is %

- displaced about 4 i toward point 4 from the edge of the stripe. Thus, -

one would expect the reflectivity data to lie 4.4 nm below the Talystep

data, whereas they actually lie 1.9 nm below. The net discrepancy then

is +2.5 nm for W32F and -5.9 nm for W58F, taking into account the

lateral-thickness gradients. These discrepancies compare with the

- estimated 6 nm precision of the Talystep measurements and the 3.2 nm

average sample variance for the reflectivity measurements. Based on

these results, we consider the reflectivity technique to give the

silicon epilayer thickness an accuracy of 6 nm or better, or about 1% of 0

the epilayer thickness. With observed epilayer-thickness variations of

typically 5% or so, this accuracy is considered adequate for the

purposes of this program.
S

The results of the measurements are shown in Table 3 and the 0

associated histograms. The specification on epilayer thickness for the

* lots ordered from the vendor was 500 nm with a 10% tolerance range. The

specified thickness and the allowable range are shown on line 1 of

Table 3. The results of our measurements show a mean value of 503.9 nm S

and a range from 448.6 to 542.6 for the average thickness based on five

measurement points per wafer. Out of 110 wafers, only 2 failed to meet

0* the specification by being too thin. The worst case corresponds to a

-. 10.3% deviation from the specified value, only very slightly beyond the

specified 10% tolerance range. As shown in Figure 10, the distribution

of epilayer thickness shows two peaks at about 530 and 470 nm. This

distribution is also reflected in the 25.6 nm rms variation about the

mean of the average layer thickness, as shown in Table 3.

For the wafers used in this program, the vendor supplied

thickness data on each wafer. According to the vendor, the mean layer

* thickness is 520.7 nm and ranges from 458.5 to 553.5 nm. There are five

wafers out of specification by being too thick, with the worst case

corresponding to 10.7% deviation from the specified value. The vendor

data also show a distribution with two peaks, as shown in Figure 11.
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Curve 744633-A
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*Layer Thickness: Average of 5 Points Measured on Each Wafer, nanometers

Figure 10. Distribution of average layer thickness.
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Figure It. Distribution of vendor data on layer thickness.
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* The difference between the vendor data and our data for each wafer is

summarized in Table 3. The mean deviation is 16.9 nm and the range is -

- from -7.2 to 83.4. However, Figure 12 shows that most of the deviations

are clustered closely about 20 nm and only a few exceptional cases

account for the wide range. This indicates a systematic difference in

calibration of thickness measurements at Westinghouse and at Union

Carbide. Since we have verified our measurement procedure by comparison

with profilometer data, we will use our data for all further 7

comparisons.

The thickness was measured at five points, comprising a data set

of 550 points. As shown in Table 3, the local thickness data range from

438 to 585 nm, with 9 points lying below the spec range and 30 points

above. All of the measurement points lie within 0.5 inch of the center

of these 2-inch diameter wafers. This increased range of the local

thickness indicates a possible problem in the uniformity of epilayer

thickness on a single wafer. The distribution shown in Figure 13 is not

as cleanly separable into two peaks as is the wafer average data.

Considering the thickness variation on each wafer, taken as the maximum

range among the five points measured, we find that the mean value is

39.8 nm, as shown in Table 3. Thus, there is typically about an 8%

variation in layer thickness within the central region of a single

wafer. There are 35 wafers, out of 110, in which the thickness vari-

ation exceeds 50 nm, or 10% of the target thickness. This demonstrates

a problem in maintaining wafer uniformity within bounds of the specifi-

cation. The histogram in Figure 14 shows a broad distribution of

thickness ranges on a single wafer, with relatively few wafers having I

uniformity better than 4%. The rms variation in layer thickness on a

single wafer is also summarized in Table 3 and shown in Figure 15.

2.4 X-ray Orientation and Rutherford Backscattering

Two SOS wafers were submitted for X-ray diffraction analysis for

the crystal orientation of the sapphire substrate. The first objective

was to verify the orientation with respect to the specification of

2
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Figure 12. Distribution of the difference between vendor layer
thickness data and Westinghouse data for 110 wafers.
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Figure 13. Distribution of layer thickness measurement~s of 550 data
points on 110 wafers.
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Curve 744634-A
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Figure 14. Distribution of thickness variation.
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Figure 15. Distribution of the rms variation of layer thickness on
single wafers.
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± 2 degrees from iT02 plane. The second objective was to determine

whether the direction of peak scattering (see Section 3.2.5) aligns with

the crystal orientation of the substrate.

The wafers were placed in a 2-3xis goniometer. The surface was

adjusted to be perpendicular to the Incoming beam of X-rays by optical

alignment of a laser beam colinear with the X-ray beam. The resulting

diffraction patterns are shown in Figure 16. Analysis of the deviation

from symmetry about the center of the beam shows a ).5' misorientation

for W82F and 1.0' for W78F. Both of the orientations are within

specifications.

Close inspection of the diffraction patterns confirms that the

substrates do not exhibit four-fold svmmetry. Thp photo for wafer W82F

must be rotated by 900 to reach the same nattern as W78F. This

corresponds to a difference in wafer position as shown in the drawiags

in the figure. This is consistent with the 900 shift between the

angular orientations of the peaks of UV scattering from these wafers.

The approximate angular orientation of the major optical scattering

peaks is shown in the figure. The specification on wafer orientation

requires that the sapphire c-axis projection lie 450 away from the flat

on the finished wafer. The difference between W73F and W82F appears to

be a +450 location of the c-axis for one wafer and a -45' location from

the flat for the other. This is probably due to some of the substrates -

being flipped over before the final polishing operation.

The location of the c-axis was determined on wafer W61F by

tilting the wafer by the nominal amount (580 away from normal incidences

in a plane 450 away from the flat) required to obtain a symmetrical

diffraction pattern. The results are shown in Figure 17. The two

patterns correspond to the orientations shown in the drawing. The

symmetric pattern in Figure 17a shows that in this sample the c-axis

projection is 450 counterclockwise from the flat. This wafer was the

Type I scattering pattern versus rotation angle as explained in

Section 3.2.5.

34

D S

" " ¢ ' _ " . ; _i" ... . " -



Waf er
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a

W78F

b

W82F

Figure 16. X-ray diffraction patterns for two SOS wafers. The relative
orientations of the wafers are shown as well as the angular

* orientations of the peaks of optical scattering.
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2.4.1 Rutherford Backscattering Measurements

Selected SOS wafers have been characterized by Rutherford

backscattering (RBS) analysis. This characterization reveals the

crystal quality as a function of depth between the surface of the

silicon epilayer and the interface with the sapphire substrate.

RBS is essentially a nuclear scattering process. Helium nuclei

are commonly used as the probe species. A beam of high-energy He+ ions ."

is generated in a linear accelerator such as a Van de Graaf machine.

The ion beam is directed onto the sample, where the energetic He nuclei

scatter from the nuclei of atoms in the sample by Coulomb repulsion. If

the He ion happens to strike an atom at the surface of the sample,

the energy of the backscattered He nucleus is given by the mass ratio of

the He and the scattering atom and the angle between the incident beam

and the path of the scattered He ion. The detector is located in a

position to select only He ions scattered at a particular angle, so the

energy for surface scattering is determined only by the mass ratio. The

detector gives an output pulse amplitude proportional to ion energy, and

the output pulses are sorted according to amplitude by a multichannel

analyzer. The accumulated count in each channel indicates the number of
ions of given energy detected during the run.

Only a small fraction of the incident He ions are scattered

right at the surface. Most of the ions in the beam penetrate some

distance into the sample before they encounter a nucleus closely enough

to cause a backscattering event. While an ion is moving inside the

* sample, it loses energy in small increments by interactions with the

electrons in the sample. A backscattered ion loses energy both going

into and coming out of the sample. The energy loss is approximately a

linear function of distance travelled in the sample, providing an energy

0 versus depth scale for scattering events from a given type of nucleus.

The general features of an RBS spectrum can now be

interpreted. In a display of the number count of scattering events at a

given energy versus the energy, there are no events above a threshold
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enery. At the threshu LA, which is tht surface icitter-i)4,

there is a sharp increase in the number .s. At '.wer ener4-ge,

the count )t event- varies smoothly as a ion of the electronl

energy Loss versiis depth, and the scattering cross section v,,rsu ,

energy. If the sample is doped with heavy atoms, such is arscnii I',

silicon, scattering events from the heavy atoms will stand )ut at ". hlol

energy than the silicon. Lighter dopant s, su:h is b r ,:, ui'' u

peaks in the mgdst ,f the crattering frm si ", " . ,w~r

energy.

The scattering a >e-,: i, d - ,'. , . ,

or at a random incide:tce angle )t the i nc i- t ,. -

beam is preciselY aligned with a cr-stal ixii , hann-r,.i , k, v Wcur.

Channeling is due to the lon4 range )rdetr ,rr net !t ms

a perfect crystal. Along the l')u, I I, ano especi; 3 v the axes ,

silicon crystal, the crystal structure creates )pen c,:hannels of indefi-

nite length where the density of nuclei is zero. An ion entering such a

channel will have a very low probability of scattering and .I!

penetrate much farther into the crystal. The scattering yield for a

beam aligned with a crystal axis is therefore very much reduced. The

ratio of the reduced scattering for an aligned beam to the scattering

for a random beam indicates crystal quality. In a highly perfect

crystal, the ratio of channeling yield to random yield is typically a

few percent. Crystal defects, such as dislocations, grain boundaries,

and stacking faults, place atoms in the channels, increasing the

channeli-a yield. While it is not possible to determine which type ofIi
*. defect causes the increased yield, the total yield can serve as an

average quality index. Furthermore, because of the energy loss versus

depth calibration, the crystal quality can be determined as a function

of distance from the surface.

RBS measurements have been made on several vendor and

Westinghouse wafers. The vendor wafers include Wi8F and W32F, which

were known to have nonuniform epilayer thicknesses, and W44F, which was

* very uniform according to epilayer thickness data. These samples were 0
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selected for comparison of the crystal quality of uniform and nonuniform

wafers. The epilayer thickness was the best available indicator of

uniformity. UV haze data for these wafers were not available when the

selection was made. Wafer 32F had been etched and profiled for

confirmation of the epilayer thickness variation, as reported in Monthly

Status Report #7. The Westinghouse wafers W301F and E31F were low-

temperature epilayers. The preliminary UV haze measurements on both of

these wafers were much higher than any of the vendor wafers.

The samples were prepared by scribing and breaking pieces about

1 cm square from each wafer since the goniometer used for precise

channel alignment would not accommodate entire wafers. The samples were

probed with a beam of 1.5 MeV 4He+ ions. The scattering data were

acquired by a computerized data-handling system where the data were

stored for normalization and comparison. In the display figures, the

scattering counts for the silicon epilayer with the random incidence

angle were normalized to represent a yield level of one. All channeling

data were normalized with respect to the random yield.

The RBS spectrum for sample WI8F is shown in Figure 18. The

random yield rises rapidly from zero to one at the energy for surface

scattering. The onset of random scattering also serves to locate the

surface for the depth scale. The SOS channeling yield also shows a

sudden onset for surface scattering, and then a steady increase in

normalized scattering until the interface is reached at an indicated

depth of 0.43 microns. There is a decrease in scattering yield at 0.43

microns because the material underlying the silicon is composed of

lighter elements, aluminum and oxygen. The scattering spectrum for

indicated depths greater than 0.43 microns contains information only

about the sapphire substrate and is therefore only of slight interest.

Figure 18 also shows the data for a good 100 silicon crystal.

The silicon spectrum shows a high-surface scattering peak followed by a

much lower channeling yield. The surface peak is due to scattering of

ions which do not happen to enter channels and to any residual surface
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damage after polishing. Except for the surface peak, the silicon

crystal channeling yield is substantially less than the SOS yield at all -

depths. A comparison of the normalized channeling yields of the silicon

reference sample and the SOS will provide a quantitative index of

crystal quality.ai
The channeling spectrum of W18F is typical of the vendor wafers

in its general features. The scattering at the silicon-sapphire

interface is very high, indicating the poor crystal quality of that

region of the epilayer. The scattering decreases toward the surface,
more rapidly near the interface, and less rapidly near the surface.

There is a relatively constant scattering region very near the

surface. Some of the vendor wafers show a surface scattering peak, but

the amplitude of the peak is much smaller than that of the silicon

reference sample. These spectra for the SOS wafers are characterized

numerically by two parameters: the surface and interface scattering

yields. The interface scattering yield xi is simply the maximum

normalized yield at the interface. In cases where the residual noise in

the spectrum appears to give a spurious peak at the interface, a visual

estimate of the average level at the interface is taken. Since this is

a normalized scattering yield, it is a fraction, typically about 0.6,

which can also be expressed as a percentage of the random yield. The

surface scattering xo is taken as the normalized scattering yield near

the surface, neglecting any surface peak that may be present. This

number represents the lowest yield that is actually observed near the

surface, not an extrapolation of the decreasing curve to the surface.

The surface yield for the silicon reference wafer is determined in the

same way, neglecting the surface peak. The reference interface yield is

simply the observed yield at a depth in the silicon crystal corres-

ponding to the SOS interface depth. The silicon reference wafer S
interface yield will vary somewhat since the interface depth varies with

epilayer thickness.

The results show that the vendor wafers are reasonably uniform

in crystal quality. Two samples cut from W22 are shown in Table 4,

* S



TableL
Rutherford Backscattering Results

CHANNELING YIELDS NORMALIZED TO RANDOM SILICON YIELD

Sample x x xi(SOS)/xi(Si)

W18F .16 .63 9.4

W32F-I location I

2 .13 .56 9.

3 .10 .55 . 2

W32F-2 location 1 .00 .38 .7

2 .09 .56 8.3

3 .09 .56 3

W44F .11 .55

W30iF .80 1.00 1 1.3

W312F .89 1. 00 17.0

Silicon Standard Wafer .04 0.08-0.11

where data from three distinct areas on each sample are reported. There

is very little change in surface or interface quality at the six points

so sampled on W32F. The data for W44F lie within the range of variation

of the W32F data, so these two wafers appear to have equal quality. The

other nonuniform wafer, WI8F, is somewhat worse in interface and surface

quality. Whether this difference in RBS quality is significant in terms

of device yields remains to be seen. The two Westinghouse wafers, which

have low-temperature epilavers intended to he of low crystallinity,

clearly differ from the vendor wafers throughout the epilaver.

Figure 19 shows a RBS spectrum from 14312F. The very high surface 'iell

shows that there is little long-ringe order in the orientation of the

surfice materi l, ind the interfice i ,'rttori'g yield apnr viches the

I S
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Figure 19. Rutherford backscattering spectrum from low-temperature epi
wafer W312F.

43



random yield. The RBS technique cannot distinguish polycrystalline from

amorphous material.

The RBS measurements were carried out by W. J. Choyke at the

University of Pittsburgh High Energy Ion Beam Laboratory.
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3. CHARACTERIZATION BY NEW METHODS

3.1 Raman Spectroscopic Measurement of Layer Stress."'.'

Raman spectroscopy has been used to measure the stress in

silicon films grown epltaxially on sapphire substrates under diffused

conditions. Silicon-on-sapphire wafers grown at both Westinghouse and

Union Carbide have been evaluated by this technique.

A silicon film is compressed in its plane when grown epitaxially

on sapphire. The strain in SOS is adequately explained by the

difference in the thermal expansion coefficients of silicon and

sapphire, that of sapphire being roughly twice that of silicon. At the

growth temperature, 1O000C, it is assumed that the silicon is strain-

free, but upon cooling, the thick sapphire substrate compresses the thin

silicon film. For (100> silicon grown on the <OT2> sapphire surface,
the room-temperature lateral strain is -3 x 103.(19) This lateral

strain induces a band structure change that is ultimately reflected in
the various transport coefficients of the SOS film. In particular,

electron Hall mobility is reduced to 50% of its bulk value. (2 0 ) The

electron mobility also becomes slightly anisotropic in the <100>

plane.(21) Furthermore, part of the strain is relaxed by defect

formation, which has detrimental effects on the carrier-scattering

processes in the SOS film. It is therefore essential to include film

stress measurements in a comprehensive evaluation of SOS wafers, and S

Raman scattering provides us with a sensitive, nondestructive method of

doing so.

A photon of energy, hv, can interact with a set of oscillators

which resonate at a lower frequency, vot to produce beat frequencies. -

In semiconductors there are always two sets of oscillators with which

photons can interact the optical and acoustic modes of lattice
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vibration. The interaction of photons with optical phonons is called I
Raman scattering. In the scattering process, the incident photon gives

part of its energy,. hvi, to the lattice in the form of a phonon of

energy, hvo, and emerges with a lower energy, hvs:

hv = hv.- hv (4)

This down-converted frequency shift is the Stokes-shifted scattering. If

the lattice of the semiconductor is already in an excited state, the

scattering process can result in the emission of a more energetic nhoton:

hv = hv + h

These up-converted frequency shifts are the anti-Stokes-shifted

scattering modes. Normally the intensity of the anti-Stokes modes is

much weaker than that of the Stokes components because the probability

for phonon absorption is lower than that for phonon emission by a factor

of exp (h 0 /kT).

The Stokes Raman spectrum of unstressed silicon exhibits a

single peak at vs = ji - vo, where 'jo is the frequency of the triply

degenerate optical phonons of zero crystal momentum (a 0). When a

uniaxial stress is applied, the Raman peak exhibits splittings and

shifts which are linear in the applied stross. From the (bserved

splittings of the Raman peak with applied stress along <100> and <111>

directions, Anastassakis et a. (2 2 ) have obtained the first experimental

values for the phenomenological coefficients which describe the changes _ 

in the spring constant of the a 0 optical phonons with strain. The

shift in the Raman peak energy thus provides a measurement )f layer " '

stress. The coefficient of stress has been reported as 2.49 kbar per

wave number (cm -).(14,23) Stres, in SOS wafers has been measured using

i polished silicon wafer as a reference standard. The dominant silicon

peak, which appears it - 520.5 cm for the silicon standard, is shifted

toward higher frequencies for SOS wafers, indicating comnressive stress.
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3.1.1 Raman Method

We have used a Spectra Physics argon-ion laser in conjunction

with a Spex double monochromator to obtain the Raman spectra of Union

Carbide and Westinghouse SOS wafers. The experimental set-up is shown

schematically in Figure 20. The Ar+ laser beam (X = 514.5 nm) was

focussed by means of a lens system onto the sample, which was placed

face down in a sample holder. The sample holder was teflon coated, so

that the samples did not touch metal or other sources of contamination,

and had five access holes for the laser beam, one central and four

peripheral holes. This allowed us to look at five different spots on

the same wafer in order to determine whether the stress was uniform

across the area on the film. The incident laser beam passed through a

small hole in a 450 mirror, so that the backscattered light was

reflected by the mirror into another lens which focussed the scattered

light onto the entrance slits of the double monochromator, while the

direct reflection from the wafer surface passed back through the hole in

the 450 mirror. The second focussing lens was mounted on precision

x-y-z translation stages in a stable and flexible configuration. A

narrow-band filter was used to block a plasma line which otherwise tends

to swamp the Raman signal for silicon at - 520.5 cm- . The

monochromator was freshly realigned before the experiments to improve

the spectral resolution.

The system alignment was peaked up using a liquid carbon

tetrachloride sample. The Raman spectrum for carbon tetrachloride is

sharply defined and can be used to calibrate the spectrometer wavenumber -- _

readout gauge. A polished silicon wafer, used as the standard in these

experiments, was then placed in the sample holder, and the system

alignment was touched up to obtain the ma.imu- signal-to-noise ratio at

the Raman peak at - 520.5 cm-
.

The silicon standard had the same <100> orientation as the SOS

wafers and had a damage-free surface finish so that the Raman spectrum

of the standard represented stress-free silicon. The Raman spectra of
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the SOS wafers exhibited a clear upward shift in peak frequency as

compared with the silicon standard peak at - 520.5 cm-1 , indicating

compressive stress. An example of this is shown in Figure 21. The peak

frequency of each sample was computed by bisecting the distance between

the two half-maximum points. The full width at half maximum (FWHM) of

each peak was calculated as well in order to estimate the crystal

quality of the sample.

In the earliest runs we observed a drift in the calibration of

the Raman spectrometer. This was mainly due to temperature changes in

the laboratory. The calibration drift was large enough to obscure the

stress-induced Raman shift in the early runs. We therefore developed a

procedure to compensate for this drift. The silicon standard wafer was

measured at the beginning and end of each run, and at frequent intervals

during the run. The observed peak of the silicon wafer was used to

derive a best-fit linear baseline. The baseline was then used to

interpolate between the silicon standard measurements. All SOS data

were compared to the baseline for calculations of stress-induced Raman

shift.

The measured linewidths were fairly broad because of the wide

monochromator slits (200-300 um) used, reducing the system resolution to

about 4 cm- , while also greatly reducing the time required to record a

spectrum, and increasing the signal-to-noise ratio. A study was carried

out, using an SOS wafer and the silicon standard, to determine the

effect of narrowing the slits down on the spectral resolution. The

results are plotted in Figure 22. The linewidth is directly

proportional to the slit width, and the slope of the plot is equal to

that of the quoted spectrometer bandpass plotted as a function of the

slit width, also displayed in Figure 22.

The precision of our technique was determined by a set of

repeated measurements on the silicon standard wafer. The average

linewidth (FWHM) is 6.4 cm- , which does not represent the true Raman

linewidth, as noted in the paragraph above. In this series of nine

0]
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repeated measurements, the rms variation in the peak frequency was

0.42 cm-1 . This corresponded to an uncertainty of 1.05 kbar in layer

stress and was the least increment of stress that we were able to

resolve with our technique.

3.1.2 Raman Layer Stress Data

Raman spectra were taken for the vendor wafers and Westinghouse

grown epilayers with the instrument settings and baseline correction

described in the preceding section.

Figure 23 shows the Raman peak shift data for the vendor

wafers. The average peak shift is 3.09 cm- , and the rms variation

about the mean is 0.44 cm- , as shown in Table 5. The Westinghouse

epilayers grown at normal temperatures (970 and 10000 C) gave rise to the

Raman peak shift distribution shown in Figure 24. There were 21 wafers

in this data set, with a mean peak shift of 3.09 cm-  and rms variation

of 0.47 cm- . Figure 25 shows the peak shift data for the Westinghouse

low-temperature epilayers (880 and 900 0 C), where the mean value is

significantly lower at 1.91 cm- 1

The Raman linewidth data are shown in Figure 26, where the

linewidth of each wafer is plotted for three groups of wafers. All of

the wafers in group I were vendor wafers, group 2 comprised the

Westinghouse low-temperature epilayers, and group 3 represented

measurement and remeasurement of silicon wafers. The linewidth of the

low-temperature epi wafers is significantly larger than that of the

vendor wafers and the silicon standards.

Much of the variation in peak shift and linewidth comes from

imprecision in the measuring technique. Figure 27 shows the distri-

bution of data from simply remeasuring a silicon wafer repeatedly during

SOS wafer runs. The baseline correction was applied to derive a

Calibrattoni which is linear with time tor each run. The silicon wafer

remeasurements are compared to the romputed baseline value in obtaining

the distribution shown in Figiire 27. This method will compensate for
I
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drift in the calibration of the monochromator due to changes in room

temperature. The magnitude of the rms variation in remeasures of the .... 6

silicon standard is 0.42 cm- 1 (see Table 5). This is almost the same as

the rms variation for the vendor wafers and the high-temperature

epilayers. We conclude that the width of the distribution shown in

Figures 23 and 24 is due mainly to this source. Both groups have the .

same mean value, so the layer stress is about 7.7 kbar for the Union

Carbide SOS wafers and the SOS epilayers grown at Westinghouse at high

temperatures (T - 970, 10000 C). -

The layer stress is significantly different in the epilayers

grown at low temperatures. The difference in the mean values is

1.18 cm- 1, which exceeds the sum of the standard deviations (.97 cm- )

of the two groups. The linewidth of this group is also significantly

higher, as shown in Figure 26 and in Table 5. 5

3.2 Ultraviolet Scattering Haze Measurement

3.2.1 Introduction

The measurement of Ultra-Violet Scattering (UVS) haze was

proposed as a topic for study in order to meet the requirement for a

rapid, simple, nondestructive inspection method for evaluation of SOS

starting material. The selection of this method was based on the

accepted practice of optical inspection as a screening test for SOS

wafer lots. SOS wafers were held in a bright white light and inspected

from several viewing angles. The appearance of the epilayer surface was ---

classified as clear or cloudy in various degrees according to the

judgement of the inspector. This technique has been widely used among

suppliers and users of SOS wafers, and has been shown as a dependable
devie yeldand erfrmace.(2)

method of predicting eventual device yield and performance. However,

this method is qualitative and difficult to standardize. Classification

)f wafers as clear, slightly hazy, or very hazy depends on a judgement

by the inspector. The implementation of this technique could be

59S
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improved by finding a quantitative, nionsuhjt~ct ive ,,, thod . ,) mnasure the-. ]haziness of the epilayer surface. I

The visual inspection method is based on observation of

scattered light from the epilayer surface. The distinctively cloudy 7 I1
appearance of a poor-quality epilayer is easily distinguishable from the
clear surface of a good silicon wafer, especially when viewed at an

oblique angle with respect to the illuminati3n. The method selected for

study directly measures the amount of light scattered at an angle some

distance away from a direct equivalent to the visual inspection, but

quantitative and capable )f calibration. Becoiose of this relationship

to an accepted technique, the ;cattering hate measurement method was

considered a relatively low-risk approach to SOS wafer evaluation and

highly likely to result in a dependable screening method for SOS
starting material. S

Scattering from a noninllv planar surface can arise from -wo

causes (see Figure 28). Deviations from a perfectly plane surface will .4
cause scattering due to local variations in the ;pecular resolution

angle. Also, surface asperities can cause scattering through large

angles by diffraction effects if the dimensions of the asperities are

small. The amount and distribution of scattered light will thus depend

on the texture of the epilaver surface. Scattering may also arise from

local inhomogeneities in the material, as might arise from crystal

defects. Local changes in material ouality will cause variations in the

amplitude and phase of reflected light, resuItinz in amplitude and phase

of reflected light, resulti-g in scatteri"g. Detailed measurements of

scattering may 3llow the identification of the cause, and further

characterization of the epilayer for the size, shape, and distribution

of surface features or material inhono-,eneitles.

3.2.2 Ultraviolet Scattering Method

The Ultraviolet Scattering haVz) h method lepends on the

detection and measurement )f the l:ow levels of light scattered at some

p
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angle away from the direct specular reflection of the light incident on

the wafer surface. Care must be taken to avoid spurious signals

introduced by stray light that may not even strike the sample under

test. The apparatus diagrammed in Figure 29 has been found to be

satisfactory. The light from an optical source is collimated by: lens

and directed toward the wafer being characterized. Both mercury arc

lamps and helium-cadmium lasers have been used as optical sources. The

incident beam is collimated for better control oaf stray light paths and

for a well-defined geometry of angle of incidence and angle of

scattering. The direct specular reflection from -he sample surface

returns along the path of the incident heam. Experiments hav. 1Jeer'

tried with non-normal incidence angles, but no advantage was di.s;coverelll

in such an arrangement. Stray lig ht from the r"2flerted bifro)m

uncollimated elements of the sokirce, and from firqt-;trface reflections 0

at the lens are trapped in a fLat-hli-k painted '%affle hox. Th- baffle-

is a series of para-llel aluminum plates spaced aibout two inchei apart,

with circular apertures larze enouigh to pass the Incident beam. The

plates are enclosed on 3ll sides bv aluminum covers. The purpose of the

h iffle is to prevent reflection of strayv liqght from a nonabsorbing

s;urface, espec-iallyv ref lect ions at 4lancinig angles of incidence.

The detector is held -it a selected angle at some distance from

thel sample. Another lenis ii~ used to collect the light scattered at thle

etdAngle and :)(-s it )n the Ueeto perture . The lens focal

!.cogyth of 5M)f -rm dIeter-nines the spci) etween sample and detector.

Fne tcollecting lens is, not necessary. hut dues ;give an increased signal,

which is helpfuil wheni tsingT the laoer Is, an optical source. Anoother

baiffle bo-x is; isedl erween the ;.imple and detector to suppress strav

light pts '* or ot - mwl eert h iWo

The wa ye .r,' o t ,trtorod 1 icht is ain important orisi !er-

epili.or t 'c '.*~ O~~ t itrn fr'or te ba Ik

surf ico )r !h.- Ind'r Tb.. bi- sr... slnndm ,'r: str me!
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signal originates from the back surface. This condition is well

satisfied by using a helium-cadmium laser with the appropriate mirrors ....

to select the 325 nm laser line. The mercury arc lamp is a broad band

source and the wavelength restriction must be external to the lamp. We

have used a solar-blind photomultiplier tube to provide the required

wavelength discrimination. Such detectors are sensitive "n in the UV,

with a spectral response curve tha Degins to roll ff at 30U nm and

becomes negligible beyond 400 nm. Because of thp -'har,-tristic of The

detector, long-wavelength light scattered from the Y-c' of the wafer

does not result in an electrical signal. S
The incident light is modulated by I hopper wheel located

immediately next to the source. The signal from the detector goes to a

lock-in amplifier which is phase locked to the choopr wheel. This

phase-sensitive detection scheme is the conventional method for .

discriminating against nonsynchronous light inputs such as room light,

and for moving to a less noisy frequency range in the response nf the

photomultiplier tube.

Two different angular scan pro.edures have been used. In the

first procedure the detector, baffle, and collecting lens are mounted o,1

a movable arm. The arm rotates about a center at the sample by means of

a rotary table driven by a stepping motor through a reduction 7ear. The

scattering angle, 6, defined as the ancie between the axis of the

incident beam and the axis of the detector arm, can vary from about I..

to more than 900. In the second configuration, the detector is placed

at fixed scattering angle of 300, and the sample is rotated through an

angle e about an axis normal to its surface.

For both types of angular scans, the sample wafer is mounted in

a vertical plane and held fast by a vacuum fixt:ire. The detector moves

in a horizontal plane for scans of the scatterinv le .. Bi.' 0
convention, the wafers were mounted in the vacuum chuck with the flat at

the top of the wafer. When the sample rot tin .-)n iv wl ')e;nl

scanned, the sample was mounted sc that it restel on the f1 it at the
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bottom of the wafer. The vacuum fixture was aligned with a spirit level

to provide a reliable zero angle for 6. Scans of 8 always took place in

the clockwise direction when viewing the epilayer surface. Because the

rotary table does not have an angular position signal output, it is

necessary to synchronize the e scan with the chart display. At the

beginning of a scan, the rotary table scan and the chart time base are

started simultaneously. The angular position is monitored by watching

the digital readout on the rotary table driver chassis. When the 6 scan

reaches the preset index value of 3600, the rotary table stops and the

operator causes the chart recorder to make a mark on the scan record.

Experience has shown that the precision of this calibration procedure is

more than adequate, being repeatable to about ± 2 degrees in a 3600

rotation.

To avoid possible scattering from the sample holder, the

incident beam is restricted to illuminate a spot at the center of the

sample of about 25 to 30 mm diameter. This also eliminates scattering

from any defects or handling marks at the edge of the wafer.

Some data were taken with the wavelength restricted to 200, 280,

or 400 nm. The wavelength was selected by a narrow-band interference

filter placed at the aperture of the detector. The time constant of the

response of the lock-in amplifier was set at I second for good noise

suppression. This resulted in a slight shift of about 30 in the

rotation angular scans where the scan rate was 3 °/sec. There were no

features observed in any of the SOS wafer scans for which the time

constant limited the resolution.

3.2.3 UVS Haze: Scattering Angle Scans

The amount of light scattered from a surface depends on the

amplitude of surface roughness and the degree of inhomogeneity of the

material optical properties. In addition, the angular distribution of

the scattered light depends on the detailed texture of the

surface. (2 4 ) Inferences can be made about the surface texture based on
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the measured scattering amplitude in scattering angle scans. The

angular dependence is also of use in selecting an optimum angle for haze --

measurements. Finally, angular scans have proved to be useful in

detecting spurious signals from stray light paths, and in identifying

and eliminating the spurious signals.

The technique is described in the preceding section on UVS

method. The scattering angle typically ranged from 100 to about 550

The results are shown in Figure 30 for several different samples. A

mechanically lapped silicon wafer gave the highest scattering signal at

all angles, followed by two SOS wafers grown at Westinghouse at sub- 0

optimal deposition temperatures. The vendor SOS wafer and the nolished

silicon wafer were the lowest scattering sources. These data were taken

with the helium-cadmium laser as the optical source. The power

available from the laser is about 2 mW. A similar scan taken with the

mercury arc lamp optical source is shown in Figure 31. Here the topmost

curve originates from a silicon wafer roughened by a chemical etching !

procedure. Etch pits and facets are visible on the surface of the wafer

when it is viewed in a low-power microscope. The increased brightness

of scattering at the intermediate angle can also be seen by human eye.

A comparison of data from SOS and polished silicon wafers

SOS or polished silicon wafers show peaks such as that observed with the

etched silicon wafer. The shapes of all of the SOS curves are very

similar and no two curves ever cross. We concluded that there is no

significant variation in the surface texture that can be detected by -

scattering angle scans. All of the SOS wafers appear to be similar in

this respect in the scans. The amplitude of the surface texture does,

)f course, give an observable change in scattering level and can be

measured at a fixed scatterini angle.

Comparing the scattering from two SOS wafers, we find that the

ritio )F the scattered light signals is aonroximatelv constant as the

sattering angle t varies. This verifies that the SOS curves are

* -°
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similar and shows there is no preferred angle at which to measure

haze. The fixed angle for haze measurements was chosen to be about 150

in order to take advantage of the greater signal available at smaller

scattering angles.

3.2.4 UVS Haze Measurements

3.2.4.1 UVS Haze Method

The measurements of SOS wafer haze were made with the equipment

described in Section 3.2.2, "Ultraviolet Scattering Method." The

mercury arc lamp was used as the optical source. Apertures were used t,

restrict the illuminated area on the wafer under test to a spot 25 to

30 nmm in diameter at the center of the wafer. Changing the spot size

did not change the haze number. The detector was a solar blind photo-

multiplier tube which restricts the observation of scattered light to

wavelengths shorter than 350 nm. The detector was fixed in position at

a scattering angle of 150. This angle is not critical and was chosen to

Ctake advantage of the larger signal available at smaller scattering

angles. The wafers were held by a vacuum fixture in a vertical plane,

perpendicular to the incident beam from the lamp. By convention, the

wafers were mounted with the flat at the top of the wafer. The

orientation of the wafer is important, as a rotation of a few degrees

will measurably change the scattering signal. This effect is documented

in Section 3.2.5, "UVS Rotational Scans." The importance of qngular

orientation was not understood at the time the haze measurements werd

made. The estimated accuracy of orienting the wafer flat was -- 0 from

horizontal. This amount of angular miscrientation undoi!tedIv out i-

butes some scatter to the haze data.

To discriminate against changes in the measiirement 7'iihr 1

due to variations in lamp intensity and detector sensitivity, , t it,isd-

ardization procedure was developed. The ideal standard 4ou! eI

sample that could be inserted in place of a wafer to dive r orc-it KI-

scattering signal. The amplitude of the scattering shouli ,
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apprXima-- Iv the same as that from an SOS wafer to avoid scale changes +

which wouLd require further calibrations. The following samples were

evaluated as standards: polished silicon wafers, lapped silicon wafers,

chemically etched silicon wafers, lapped metal discs, ground glass

discs, and sapphire substrates. These were not acceptable standards

because the scattering was orders of magnitude different from an -5 •

wafer, or because the scattering siznal was not repeatable upon removi.

and replacing the sample. Rather than attempting to fabricate a

standard, one of the SOS wafers was selected to serve as a referenco ;)r"

comparison. The standard wafer was designated WlW. Experirents 5h,-ei, S
that the scatterinvT si~nal from this; jafer was :nietv ",ntb-

upon removing and replacing the wafer. Later measurements showed that

this wafer had an unusually low variation of scatterinz versuis r~tati )r

angle. Wafer WIF was remeasured at the he,innong of each haze run nd 0

at fren'uent intervals during the r1n. The magniLt ide of the scattering

signal from wafer WIF was assigned a baseline value of !'". Changes i ,  -

the system calibration between runs were compensated by the remeasure-

menits of WIF. Drift of the calihration during a single run was compen- 6

s.ated by linear interpolation between repeated readiigs of WI -. As a

result, all haze numbers are expressed as ratios of the scattein-""

signal from each SOS wafer compared to WIF. This procedure is adeqt.i

t:,r relative characterization of the hice observed in the wafers 0

avi. lahIe for testIng.

3.2.Vs (] I. a I i f ii' t i n ')otI

V this soeotion we preqent ati related to the rli abilitv rf -

The rel iihi' i t, r.'o .td -,easirements )f the standard wafer
', FI-; '<+ev t th e . -nsis tencv )t th,,, h ;co mealsuremenets. The dat3 ,ftml

tW I I0asu re tch TIue. - u it leni i e t i drn
ro, n,.d me is'Tl r.h in i f F dur ' i sinle. run i wer,- s;ihie,_'ted t o

i r r.'ressi n ,.in ';i -;. Rev.i,'qs ,n '.;i ",,ere tiken it the beginning
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dependent variable is the measured scattering signal. A linear fit to

the data showed a 10.2% reduction in the signal during the run.

Independent measurements of the intensity of the mercury arc lamp showed

a 5.6% reduction during the run. This accounts for part of the drift

observed in the standard wafer readings. The remaining 4.6% variation

could be due to a drift in the sensitivity of the photomultiplier tube,

or a change in the spectral output intensity of the lamp which would -

affect the intensity monitor and the photomultiplier tube differently.

We did not attempt to measure either of these effects, although our

experience showed that the photomultiplier tube was not very stable.

After the linear drift of 10.2% is subtracted, there remains a residual

variation of 2.8% runs in the repeated readings of WIF. This is

attributed to random variations in the orientation and position in

4 removing and replacement of the wafer that affect the amount of

scattered light directed toward the detector. This residual variation

also includes the effects of the detection system noise level. Similar

results were obtained in analysis of a second run. The residual

variation in standard measurements places a limit of ± 3% on the

precision of the technique as it is presently implemented.

The long-term repeatability of the haze measurement was assessed

by compiling data on repeated measurements on selected wafers over time

intervals ranging from a few minutes to several months. Any change in S

the scattering from the standard wafer should show up as a systematic

drift of the haze numbers as a function of time. No such drift has been

observed. Alteration of the standard wafer due to handling or contamin-

ation would also show up as a systematic change in haze numbers, since S

the wafers selected for comparison were subjected to much less exposure

and iandling than the standard wafer. Again, no effect of this kind is

;een. The repeatability data are tabulated in Table 6. It can be seen

that the Fms variation in the normalized haze number is typically 5% or

less. Wafers 9 and 22, which show larger variations, also have

unusually high variations of scattering with respect to rotation angle.
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Table 6

Reoeatabilitv Data with the Average Reading and rms Variation

I r1 o I r) IF~ 1' 1 IF I r I .I. I 1 4 -7
4 '- 174 ? 129 123 I? 13 44 17' C, W

S! 2 131 1A 1 3 1 3,C 12? 12 _14. -7

-7 125 12 12'?.4 1.2

-' , '24 124: 12 ° !5-'.. .- S-j
F:: 77 7

] 7"7 "7F 7/.' A r) CI

4 7, .

4 CI

71 4 17 F 7

r o

.. .. 11' ,  4 -. C
7 4 .c!

NUMBER RADINGS

?art of --he observed variation ma,. be due to niso rientation of t-he

Waf;ers during the repeated measuremtents.

-he sensizivizv of haze rteasurenient to surface condition was - _

3lSO tested in aualitative wavs. A few dust partio les on the wafer-

surface did not -nanve the measured haze. Cleaniniz the surface bv

blowing Just wi-. dry nitrogen or Freon did not have an effect, except

when h.uid Freon was blasted onto the surface and a visible scum was
deoosited.- MAoderate wiping wAith lens tissue had no effect, but

scr.1~oig ufC'.2ent t, leave visible marks definitelv increased the

measured 'naza. ::~gthe iurrace with a selective etch also increased

-he hlaz..rwt a :hin oxide --hanged the haze only slizht>v.
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These results show that this method gives a reliable, repeatable

indication of the surface haze of SOS wafers. The measured haze is

characteristic of the silicon epilayer and does not depend strongly on

cleanliness or conditioning of the surface.

3.2.4.3 UVS Haze Measurement Data

The UV scattering haze was measured on each of the wafers

purchasei from Union Carbide. The only exceptions were wafers 18 and

44, which had been cut to make RBS samples, and wafers 32 and 58, which

were etched as calibration samples for the epilayer thickness measure-

ments. The haze values for the remaining 106 wafers are given in

Table 7. The distribution of the haze numbers is shown in Figure 32.

The distribution is relatively even about the mean value of 124.4 except

for a few wafers with haze greater than 160. Twenty-six wafers had haze

numbers less than the standard wafer (WIF set equal to 100 as the

standard). Haze numbers ranged from 202 to 72, with rms variation about

the mean of 29.1.

The other SOS wafers were measured in similar fashion. Table 8

presents a summary of the haze data for all SOS wafers studied in this

program. The 106 Union Carbide 2-inch wafers are entered as item 1.

Items 2-8 are wafers prepared at Westinghouse for this program. Items 9

and 10 are 4-inch SOS wafers recently purchased from two vendors for

preliminary quality evaluation. Item 11 comprises the readings taken on " -

polished silicon wafers, which served as the standard for an optically

* smooth surface.

Examination of Table 8 shows that all of the epilayers grown at

Westinghouse are much hazier than the vendor wafers. For the low

temperature runs, items 2, 3, and 4, it was intended that the epi

quality should be low. This was confirmed by the RBS and Raman

linewidth studies. The run at 880 0C showed the higher haze and also the

greatest range of haze readings. The two runs at 9000 C had lower

standard deviations and somewhat lower haze. It is difficult to get
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Table 7

Ultraviolet Scattering Haze Measured on 106 Vendor Wafers
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Table "

Summary of UVS Haze Statistics

Average
Type of Wafer Number Haze Max. Min. rms

1. Union Carbide (2-inch) 106 124.4 202 72 29.1

2. (W) Low-Temperature Epi 5 2666 3954 2107 6bO.O

r = 880 0 C

3. (W) Low-Temperature Epi 5 1752 1890 1648 93.0

T 900 0 C

4. (W) Low-Temperature Epi 6 2005 3"., ,,2U .' S
T = 9000 C

5. (W) Epi T = 970 0 C 4 694 789 635 63.3

b. (W) Epi T = 970 0 C 8 4b0 t)33 367 71.5

Kyocera Substrate

7. (W) Epi T = 1000C 12 515 752 355 138.0

8. (W) Epi T = IO00°C 6 382 494 290 b9.3

9. Union Carbide (4-inch) 8 103 170 70 33.4

t1. Kyocera (4 -inch) 12 37 55 20 9.'

I1. Silicon Wafers 5 4.8 5 4 0.4

S

good epilayer- at low tempcr:itlre because the silicon atom surface

nobility is low and the solid-phase recrystallization rate is low. Both

factors interfere with the coalescence of crystallizati)n nucleii into a

single-crystal epilayer of lowest total free energy. The resulting film

tends t!) be polvcrvstalline with a preferred <100> texture. Because the

laver growth is affected by kineti _ factors, the quality of the film is

very sensitive to the cleanliness of the surface and the exact

procedures of the growth process. Thus, it 8 0TC there is a very wide

range md the two runs at 900°C gLe slightly different average values
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of the haze. The detailed surface texture, as observed by the

dependence of scattering on rotation angle (see Sectiorn 3.2.5), is also

significantly different from the high-temperature epilayers and vendor B

wafers.

The high-temperature epi runs reported as items 5-8 in Table 8

*also exhibit higher haze than The vendor wafers. The reason for this

difference between wafers produced under nominally near-optimal growth

conditions has not been definitely established. The most probable cause

is a difference in the characteristics of growth in different epitaxial

reactor systems. Such a difference in characteristics has been reported
(25)

based on UVK reflectance haze measurements. The calibration curve

relating UVR haze and microtwin density determined by X-ray pole figure

analysis was shown to be quite different for SOS wafers grown in

different reactors. The vendor wafers of item I in Table 8 were grown in

an AMV 1200 pancake-type reactor, while the Westinghouse wafers were

grown in an rf-heated horizontal reactor.

The prior report indicated that the SOS wafers from a horizontal

reactor tended to have a higher UVR haze than wafers from a pancake or

barrel reactor, at the same level of microtwin density. ( " ) It is also

true that the vendor's system is a production facility devoted to SOS

wafers, with every step of the process optimized on the basis of long

experience. However, the quality of the Westinghouse wafers is

comparable to the vendor wafers as measured by Raman, RBS, and as

evidenced in device performance and wafer yield.

Another factor which may be significant is a difference in

substrates used for the various runs. The wafers of items 5 and 7 in O

Table 8 were grown on sapphire substrates purchased from Union Carbide,

while items 6 and 8 were grown on substrates from Kyocera. The Union

Carbide substrates are sapphire crystal discs grown by the Czochralski

method. Kyocera substrates are grown by the Edge Fed Growth (EFG) I

method. The nominal surface orientation and surface finish are other-

wise the same for both substrates. In runs at the same temperature, the
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Kvocera substrates give a lower average haze. However, the difference "

are relatively small compared the rms variation within the runs. The 

numbers given in Table 8 were tested for statistical significance by

using the t-test with a 0.01 level of si ;nificance. There is no

statistcally significant difference between items 6, 7, and 8, while

item 5 does have a significantly higher haze. Within the scope of these

results, then, it is not possible to conclude that tne substr-ite has a.v

effect on the haze number of the silicon epilaver.

Additional data are -eported here on items 9 and ID in Table 8

on wafer lots examined after the end )f the in'.est itin pha;e ,-,f t

program. These SOS wafers were purchased a, .valiarion sampes f)r

Westinghouse Advanced Technology Laboratories. The ' nion Carbide 4-inch

wafers, item 9, gave haze numbers comparable to the 2-inch wafers;

characterized in this program. The t-test with .1 level of

Mignificance shows no significant difference between items I and 9.

However, the scattering versus rotation angle is somewhat different as

reported in Section 3.2.5. The Kvocera 4-inch wafers gave much lower v:2

haze numbers than any SOS wafer previously studied. Possible reasons

for this are differences in the epitaxia reactors and in the nature of

the substrates.

Also shown in Table 8 are results from measurements of polished

silicon wafers (item 11). The haze of such wafers, when measured with

,!reater precisi)n than shown in the table, is not very reeatable. Tho

s4riter-iag versus r,)tation ang], scans sh-n f f-turos onre .ted to

:rvstal )rientaticn. These results indicate that ilthouuh the silicon

solrface is much smoother and less hazy than any SOS wafer, the

is dominated by acciodental features such as dust or

3. 2. 4' (;ompa ri son o rt VVS and VVR Haze Measurement ,

\iother ,)t i(-.-I! " e lehod f )r 'In tractor iicnr SOS wafers has been

(2f)renort.d rec-n t lv. (  Ts method is based on the !'Itraviolet

$L
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Reflectance (UVR) of the silicon epilayer. It has been shown that the

specular reflectivity at 280 nm wavelength depends on the perfection of

the silicon crystal. (2 7 ) A damaged surface or an amorphous silicon

laver reflects less light at this wavelength than a damage-free polished

silicon wafer. The reflectivity decrement at 400 nm is subtracted from

the decrement at 280 nm to compensate for surface roughness. The final

haze number is intended to indicate crystal quality as opposed to

surface topographical effects.

At the time the SOS wafers were ordered for this program, the

vendor had installed an instrument to measure UVR haze. The haze 0

numbers were to be used as a process monitor to detect increases in haze

which would signify a problem arising in the process. The vendor agreed

to supply us with the UVR haze readings for all of the wafers we

purchased for comparison with our characterization results. These 0

readings are shown in Table 9.

The UVR haze numbers are compared with the UVS haze numbers in

Figure 33. There is a weak correlation in that wafers with higher

vendor UVR haze numbers tend to show higher UVS haze also. The

agreement is far from satisfactory at every level, and especially at

zero-indicated UVR haze, where the UVS measurements show a very

substantial range from the lowest to the nearly highest values

observed. The comparison in Figure 33 clearly shows some methodological

differences between UVS and UVR haze techniques. The UVS scattering

method always gives a definite number for the haze. This number is

re .isonablv repeatable upon removing and replacing the wafer, and is not

wverly sensitive to surface films or dust. The UVR haze data have a

much coarser resolution, with many wafers registering zero haze or

oegative haze numbers which are assigned to zero to avoid apparently

lnphysical values. The poor resolution of UVR haze can be attributed to

ick of precision in the measuirement. In the UVR technique, the

reflected signal from the SOS wafer is measured, and the reflected

final from a silicon standard is measured. It is the difference

between these signals, normalized to account for system zain, that
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Table 9

UVR Haze Numbers Supplied by the Vendor
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Curve 746186-A
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Figure 33. Westinghouse haze readings from UV scattering plotted verse~s
vendor haze readings from UV reflectivity for 105 vendor
wafers.
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constitutes the reflectivity charictrlstigc at one -woaee>qah~. This

difference is i reanivel. small iumber compared to tre qL~na: heino -
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us to insights on the nature of the silicon surface, and may prove to be

a useful tool for further more detailed investigations.

The dependence of scattering on rotation angle was measured

using the setup diagrammed in Figure 34. The sample is held in a

vertical plane with the silicon surface perpendicular to the axis of the

incident beam. This ensures that the specular reflection is directed

back along the axis of the incident beam. The detector is located at a

fixed angle of 300 with respect to the incident beam axis. This

,_- scattering angle is greater than that used for the haze measurements.

-The sample is rotated about the beam axis by the indexing rotary table

which holds the vacuum fixture. The rotation angle 9 is positive for

clockwise rotations viewed from the silicon surface of the SOS wafer.

rhe zero reference for 6 is established by resting the wafer on the flat

before applying vacuum.

Rotation angle scans are shown for two SOS vendor wafers in

Figure 35. The intensity of the scattered light is seen to depend

strongly on the rotation angle. Each wafer shows two peaks in the

-c scattered intensity at angles that are 1800 apart. The results shown

for w78 are typical of a large number of vendor wafers which we denote

is Type 1. The first peak of a Type I curve appears after a rotation of

35 - 5- and the second peak is 1800 away from the first. Wafer W8' is

typical of Type 11 wafers, with a first peak at 125 + 5o. These

scattering curves are surprising in two respects. First, the two-fold

kor mirror symmetry implied by the peaks spaced 18()o apart seems to

contradict the nominal four-fold symmetry expected from a 1.>) silicon

surface. The epilayer orientation has been well established as IO0 in

many investigations and confirmed 'Jy reflection electron diffraction for

s lec:ted wafers in this study. Small deviitions fri exact orientation

vJili not be expected to produce the very pronounced two-f)ld scattering

p i ttern )hse rVed. The exact ciuse of this c-hanve in surface sn.'-nmetrv is

iot vet iinderstood. secondl', the existence of two types )f wafers in a

,,rninollv ident icil set )t simples was surprising. This effect his been

rictd rV the orientn iti,)n of the sipphire substrite.
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Figure 35. UV scattering versus rotation angle for two vendor SOS
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Wafers of Type I and Type I were oriented by X-ray diffraction

as described in Section 2.4. It was found that the two types differ in --

the orientation of the c-axis projection with respect to the wafer

plot. For Type I wafers, the c-axis projection lies 450 counter-

clockwise from a line connecting the center of the wafer and the center

of the plot. Type II wafers have the c-axis projection located 450

clockwise from the flat. This difference in orientation probably arose

in preparation of the sapphire substrates, with the Type II wafers being

flipped over with respect to the Type I wafers before polishing one

surface for epi deposition. The correlation of substrate orientation

and wafer type can also be confirmed in the wafer bow photogriohp. The

two-inch SOS wafers typically show an axis of symmetry in the bow

interferograms, with the axis located t 450 from the wafer flat. In

every case in which a symmetry axis could be observed, the axis was 45"

counterclockwise from the flat for Type I wafers; and 450 clockwise for

Type II wafers. SOS wafer bow arises from the differential thermal

contraction of the epilayer and substrate upon cooling from the growth

temperature. The elastic properties of the epilayer are symmetric in

the plane of the layer because of the 100 orientation of the layer. The

elastic constants of the substrates depend upon orientation since the

qubstrate lacks symmetry. The wafer bow interferograms indicate a

greater curvature along a line perpendicular to the c-axis projection.

The silicon epilaver compressive stress is therefore greater along this

line. It may be possible that this asymmetrical stress has caiused a

change in the epilayer surface, perhaps through deformation during

cooling, that in turn gives rise to the unusual scattering peiks.

The orientation of the scattering peak with respect to the

c-axis projection was determined by measurement. The placement of the

detector in the set-uD shown in Figure 34 is constrained by other

a pa)irattis so that the detector lies slightly above a horizontal plane

pasinq throuch the .enter of the wafer. The angle of elevation was

c.31,,lhted to be [q'o and this was confirmed by experiment. A plane

'irror swa mounted ,n a 15' wedge and placed in the position of the

* " ** " .~ " " * "" " " - " " " " " -. --*'



wafer under test. The mirror was aligned so that the reflection of the

incoming beam was in a vertical plane by adjusting the mirroi until the ' 1
reflection and the incoming beam itself both intersected a plumb

line. The detector output showed a peak after a rotation if $00,

confirming that the detector was elevated by lO from tbh horizontal.

We can now interpret the location of the first peak of Type I wafers.

The peak occurs at 350 of rotation. If the detectoc were in the

horizontal plane, the peak would come in at 450 if rotation. Since the

c-axis projection is 450 CCW from the plot, a 450 CW rotation will place

the c-axis in a vertial plane when the scattering peak is seen in the

horizontal plane. Thus, the scattering peaks are observed at 900 angles

from the c-axis projection, within the ± 50 precision of measurement.

The scattering was measured at several wavelengths by inserting

narrow-band interference filters in front of the detector. Figures 36

and 37 show the results for W78 and W82. The broadband curve is taken

with no filter in place. The wavelength response is dictated by the

photomultiplier tube, which is insensitive to wavelengths longer than

350 nm. The curves at 280 and 200 nm are similar, except that the

contrast or peak-to-valley ratio is greater at 200 nm. Also, there is a

trace of additional structure in the form of weak peaks at 900 away from

the strong peaks. For some of the vendor wafers, the subsidiary peaks

are more pronounced than those observed in Figure 36.

The scattering from the Westinghouse epilayers differs from that..

of the vendor wafers. The high-temperature epilayers (T 970 or 1000°C)

typically show four peaks, as seen in Figure 38. The scattering is

similar at 200 nm, 280 nm, and broad band, except that the constrast ratio

is higher at 200 nm. The location of the first peak is locked to the

substrate orientation, as it was for the vendor wafers. Since there are

four equivalent peaks, there is no significance in the c-axis projection

lying on one side of the flat as opposed to the other. The magnitude of

the scattering signal is much higher for the Westinghouse wafers, as

discussed in the UVS haze data section. The scattering results are very

similar for epiLayers grown on Union Carbide and Kyocera substrates.
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Fiue37. UV scattering versus rotation angle as a function of UV
Figure wavelength for vendor wafer W82. The scan starts at 4U O, or

nominally 900 before the first major peak.
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The low-temperature epilayers produce yet another type of

scattering versus rotation angle. Figure 39 shows the scattering from a

layer deposited at 880 0 C. The signal is higher in magnitude than for

the vendor wafers and the high-temperature epilayer, and is relatively

featureless. Although there are typically two maxima, the peaks are

very broad and the maxima do not occur at chaLacteristic angles.

The UV scattering versus rotation angle was also measured on

' some 4-inch SOS wafers acquired after the nominal end of the investi-

gation of this program. These wafers were evaluation samples purchased

by Westinghouse Advanced Technology Laboratory and characterized for UVS

haze before processing. The results for Kyocera wafers are shown in

Figure 40. Nineteen wafers were examined. Of these, five showed

substantial secondary peaks between the two major peaks. One wafer,

shown as No. 19 in Figure 40 exhibited four equivalent peaks. Most of

the wafers, as wafer no. 9 in Figure 40, had two major peaks with an

unusually high contrast ratio. All of the wafers were nominally Type II

['-. with the first major peak coming in at about 1300 rotation angle. The

amplitude of scattering was low: these Kyocera wafers had the lowest

UVS haze of any SOS wafers examined thus far.

* Eight 4-inch wafers from Union Carbide were also examined. The

range of results are indicated in Figure 41. In this group, four of the

wafers had four equivalent peaks, and only one wafer had two strong

peaks with no apparent secondary peaks. These cases are shown as wafer

No. 8 and wafer No. 1, respectively, in Figure 41. The magnitude of the

scattering was in the same range as the 2-inch SOS Union Carbide wafers

previously described.

This concludes the description of the rotation angular depen-

dence of UV scattering on unmodified SOS wafers. In the next section,

several experiments are described which were designed to determine the

* origin of UV scattering.
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3.2.6 Sources of UVS Haze

The following sources of scattering were considered: scattering A

by nonlinear processes which involve a wavelength shift such as fluor-

escence, scattering from optical inhomogeneities in the bulk of the

silicon, and scattering from surface asperities. Experimental results

show that the scattering is due to surface features that are present on .

the silicon epilayer and absent on the substrate.

The intensity of scattering due to wavelength shifting processes

such as fluorescence was evaluated by changing the position of the

narrow-band filter in the beam path. When the 280 nm narrow-band filter

is placed at the detector aperture, the full, wide-band output of the

mercury arc lamp strikes the sample. Wavelengths shorter than 280 nm

could stimulate fluorescence at 280 nm that would pass the filter at the

detector. Wavelength components in the incoming beam with longer

wavelengths could only contribute very weak upshifted scattering by

anti-stokes Raman scattering, for example. The total signal due to

nonlinear scattering would be the convolution of the optical intensity

versus wavelength with the scattering response at 280 nm to the given

input wavelength. Because the input beam is unfiltered and full

intensity at the sample, a relatively large signal would be expected.

When the 280 nm filter is placed at the arc lamp, only a much

less intense, narrow-band beam strikes the sample. The signal from the

detector will be proportional to the nonlinear response to the 280 nm

incoming beam, integrated over all wavelengths within the sensitivity

range of the detector. A relatively small signal would be expected. _

Detailed calculations of expected intensities are not required, since

the experiment is meant only to discover whether the scattering in the

two cases is measurably different. The measurements show that the

scattering signal differs at most by 3% when the filter position is

changed. This shows that the contribution to scattering by nonlinear

processes such as fluorescence is negligible.

*4
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Scattering can also be caused by imperfections in the material

which give rise to local variations in the optical properties. Possible -

sources of such local changes would be crystal defects or doping

fluctuations. Variations in the intensity and phase of the reflected

light could cause very substantial scattering through diffraction

effects. This type of scattering can only occur near the surface of the

silicon epilayer, because the UV wavelength we are using does not

penetrate very far. Figure 42 shows the absorption length in

crystalline silicon from recent data. (2 8 ) Only features in the top

10 to 20 nm of the silicon epilaver will give scattering that will be

detected by the solar-blind photomultiplier tube. An experiment was

performed to determine whether optical inhomogeneities are a major cause

of UVS haze. A layer of aluminum 50 nm thick was evaporated onto the

surface of an SOS wafer. The aluminum layer was thick enough to prevent

any UV light from reaching the surface of the silicon epilayer. The

results are shown in Figure 43. The rotation angle scan shows the same

pattern of scattering. The amplitude of scattering is similar, being

slightly higher for the aluminized wafer due to the higher reflectivity

of the aluminum. This experiment proved that the major features of UVS

haze must be due to surface asperities.

Asperities at the silicon surface could originate during the

growth of the epilayer, or they could be simply substrate surface

features replicated at the silicon surface. To check this possibility,

the rotation angle scattering was measu, red cn six SOS wafers. The

silicon surfaces were metallized by evaporating a thin layer, and the

rotation angle scans were repeated. The silicon epilayers were then

stripped off by hydrofluoric-nitric-acetic acid wet etch. The sapphire

substrates were then metallized by evaporating 100 nm of silver or

palladium onto the polished surface. Aluminum was also tried as a

surface metallization but did not adhere well. The rotation angle

scattering of the metalllized soustrates was measured. The results are

shown in FIgure 44. None of the six substrates showed the character-

istic two or four-peak scattering patterns observed on the SOS wafers.
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Figure 43. UiV scattering versus rotation angle: a) SOS wafers with
bare silicon surface, b) same wafers after evaporation of 50
nm aluminum onto surface.
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The lower amplitude of the haze from the metallized substrate is partly

due to the lower reflectivity of silver in the UV, but also indicates

that the substrate is smoother than the epilayer.

When it was determined that surface features are the cause of

the rotation angle scattering peaks, we began an investigation of the

nature of the surface texture. This investigation was not anticipated

in the program plan, and the program resources did not allow this to be

carried to completion. The strong scattering peaks at 900 orientation

from the c-axis projection suggest an array of linear features on the

surface. It was confirmed that a linear array will cause such

scattering by fabricating a stripe pattern on an SOS wafer.

The stripes were about I mm long and varied in width from 3 to

5 um. The stripes were defined in ohotoresist and the exposed silicon

was wet etched to the substrate. The resulting angular scattering

figure is shown in Figure 45. Two major peaks are seen at 150-1700 and

320-3500 of rotation. Taking account of the 100 elevation of the

detector above the horizontal plane, this agrees well with scattering

maxima at 900 from the stripes, which were oriented vertical with

respect to the wafer flat. The reason for the fine structure within the

scattering peaks is not known.

Experiments were undertaken to observe the surface texture by

means other than haze measurements. Cross-section TEM measurements are

described in Section 4.1. Talystep mechanical measurements of surface

roughness were taken on several wafers. Optical micrographs were taken

at high magnification using the Nomarski phase differential interference

contrast method. The results are described below.

Talystep mesurements are made by tracing surface contours with a

stylus that is extremely sensitive to vertical displacements. As the

sample is traversed horizontally on the sample stage, the Talystep

machine produces a tracing that represents the surface of the sample.

Stch traces were taken on several wafers that exhibited pronounced peaks

in the UV rotation angle scattering. Scans were taken both along the

100
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c-axis direction, -5) away from the flat, and perpendicular to the

c-axis. A difference in the texture measured along these axes would be

consistent with the existence of linear features giving rise to the

scattering. Typical traces are shown in Figure 46. The noise level is

4 nm, peak to peak. There is a slight difference in the apparernt

surface roughness between the two traces. The scan perpendicular to the

c-axis is smoother, with about 2 nm average and 3 nam peak deviatior .

The major peak in this trace was due to a door closing in a nearby

room. The scan parallel to the c-axis is rougher, with about 3 nm

* average and 4 nm peak deviations. The lateral resolution of this

technique is limited by the 12.5 im radius of the stylus. Featires

smaller than about 10 wm in lateral extent will not be clearly resolved

in Talystep scans. Although these results are consistent with a

directional surface texture, the data are so close to the noise level

that it is not possible to state a firm conclusion.

The Nomarski technique of optical microscopy is very effective

for examination of polished surfaces. By adjustment of the objective

lens attachment the plane surface can be made dark, while deviations S
from planarity show up as bright features. Several SOS wafers were

examined by Nomarski optical microscopy. A Zeiss Ultraphot microscope

was used, with an 80X objective lens. Illumination by a tungsten

filament lamp was not bright enough to show any surface details with the

objective set for surface extinction. A Cesium iodide arc lamp was used

to get higher brightness. The photos in Figure 47 illustrate the

results. A silicon wafer gives very little contrast, even with the

bright Light source. The vendor SOS wafers show a definite granu-

larity. There is no clearly discernible pattern on the surface that is

consistent with linear features aligned along the c-axis. However, if

the sample is rotated, the brightness of the image changes. (The

brightness change is detectable by human eye.) This was confirmed by

using the microscope photometer to measure the exposure time and

function of rotation angle. Exposures ranged from 8 to 12 seconds,

ihowing a single maximum at 1800 rotation from a single minimum.

I .
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Examination of a stripe pattern defined in aluminum evaporated onto a

silicon wafer shows that the stripe edges become dark for a particular

rotation angle. A further 900 rotation of the stripe pattern sample

brings the stripe edges to a maximum brightness. The reason for a

single maximum of brightness for the SOS wafer is not understood.

Figure 47 also shows views of Westinghouse epilayers. The

granularity is more pronounced and somewhat coarser. This is consistent

with the greater haze measured on these wafers. There is no obvious

pattern in the surface texture that would explain the four-fold symmetry

of rotation angle scattering of the Westinghouse wafers, as compared to

the two-fold symmetry of the vendor wafers.

In summary, we have shown that the UV scattering haze is caused

by the surface topography of the silicon epilayer. Metallized sapphire

substrates do not show the characteristic scattering peaks, so we

conclude that the roughness of the silicon surface is not simply a

replication of the substrate surface. The surface texture can also be

observed by Talystep and Nomarski methods.

At this time, there is no completely consistent picture avail-

able for the cause of the UV scattering peaks. Further discussion

appears in Section 4.1 and in the Conclusions.

*
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4. ADDITIONAL CHARACTERIZATION

4.1 Cross-Section Transmission Electron Microscopy (XTEM)

The UV scattering haze measurements showed a wide variation in

haze levels among wafers prepared in different ways. Rotation angle

scans of the scattering from SOS wafers, metallized wafers, and

metallized substrates showed that the scattering is due to che texture

of the silicon surface, and that this texture is crystallograpnicallv

oriented with respect to the substrate. Attempts to directly observe

the surface texture by optical microscopy and profilometry were

inconclusive. Attempts were also made to produce replicas of the surface

for TEM examination. The replicas were not useful because the surface

relief was too small to show up well in the conventional method of

shadowing by low-angle evaporation.

The definitive method for observation of crystal defects is

transmission electron microscopy. This method was employed to examine

cross sections of.silicon epilayers. The objective was to observe

directly whether crystal defects give rise to surface asperities that

could cause scattering.

4.1.1 XTEM Technique

The SOS wafer is lapped by a deposited layer of SiO 2 (Sitox) to

protect the silicon surface and to provide an easily distinguishable

surface boundary. The wafer is scribed using a Nd:YAG laser to generate

overlapping damage spots on the surface of the epilayer. The scribe

* lines divide the wafer into 2 mm squares. Before breaking the wafer,

each square is marked with an indelible marker to preserve the

orientation of the sample. The wafer is broken into individual square

chips. The chips are glued together with a low-viscosity epoxy to form

Ii'I



a cube about 2 mm on edge, as shown in Figure 48. Care is taken to

align the chips with respect to the reference mark, and to preserve the

orientation of the glued block during subsequent thinning and mounting

for microscopy. The cube is then mechanically ground to 4 75 Um in

thickness to form the configuration shown in Figure 48b. Further

thinning of this specimen is accomplished by ion milling until a small

perforation appears in the specimen. This perforation must appear near

one of the Si0 2 /Si/sapphire layers to produce a thin tapered section of

500-1500 A in thickness suitable for TEM studies. The specimen

preparation is time consuming, and care must be exercised at every step

to avoid damage of the brittle specimen. SOS has the advantage of being

fairly mechanically stable; however, the large differential in milling

rates between Si and sapphire necessitates that the mechanically thin

specimen be < 75 wn before ion milling. 0

The ion milling was accomplished in a GATAN dual ion mill-using

Ar ions at 6 kV and - 150 milling angle. The specimens were examined in

a Philips 400T TEM/STEM operating at 120 kV.

0

4.1.1.1 TEM Defect Analysis of Microtwins in SOS

The main crystalline defect which was to be analyzed by TEM was

microtwins in the Si layer. In order to ensure that the microtwins

would be visible, the TEM specimens were prepared such that the electron

beam would travel along one of the <110> directions of the Si layer.

This is a special orientation which allows observation of two sets of

the possible four sets of microtwins which generally lie on 0111) planes 4

in FCC materials.

Figure 49 is a schematic of an electron diffraction pattern

obtained in the diamond-type silicon structure when the electron beam is

traveling along the [OTI] direction; that is, the thin section of the

specimen is the (OTI) plane perpendicular to the [OTt) direction. The

spots represent diffracted beam, and the planes which give rise to each

diffracted beam are indicated. The X's mark reflections which are

107
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Figure 49. a) Schematic showing electron diffraction pattern of a <110>

zone in diamond-type silicon crystal. b) Same pattern as in

a) showing location of (111) twinning plane and two twin

spots (asterisks) formed by reflection through the twinning

plane. c) Same pattern as in a) showing all possible parent

* crystal and twin diffraction spots; filled circles are

parent crystal, open circle one set of twin reflections, X's

second set of twin reflections. d) Arc of strong

diffraction spots caused by tilting crystal slightly off

axis; two strong twin spots are indicated.
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* unallowed for the diamond cubic structure but which occur in electron

diffraction due to strong dynamical effects such as multiple diffrac-

tion. Since the wavelength of the electron is extremely small in

electron diffraction, the planes which give rise to each diffracted beam

are essentially vertical; that is, parallel to the electron beam and

perpendicular to a vector drawn from the origin of the pattern to each

reflection. Thus, the (111) plane, which is a possible twinning plane,

-* would intersect the pattern along the dotted line as shown .in Figure

49b. Note that two independent sets of (111} planes can be located in

this orientation: the (111) plane which is shown and the (ITT) plane

which could be located in a similar manner.

With this background, it is an easy matter to identify the

presence of twins lying on either of these (lll} planes. Since

crystallographically a twin is related to the parent crystal by a

reflection of the structure through the twinning plane ((ill} planes in

this instance), the positions of the twin diffraction spots can be

located by a reflection of the parent diffracted spots through the

twinning plane. That is, for a twin lying on a (111) plane, reflection

of the (TIl) beam across the twinning plane produces the asterisk near

the (00) spot in Figure 49b, and reflection of the (ITT) spot produces

the asterisk near the (00) spot. If this procedure is repeated for

each of the parent reflections and a similar procedure repeated for

twins which lie on the (ITT) plane, then the diffraction pattern from a

crystal containing both sets of twins will look as shown in Figure 49c,

where the solid circles represent diffraction spots from the parent

crystal, open circles represent diffraction spots from one set of twins, . O

and X's represent diffraction spots from the second set of twins.

This diffraction analysis can be used to show that the defects

imaged are twins and on which particular {IIi} plane the twins are

located. The analysis can also be used to establish the proper imaging

conditions for viewing the twins. If the crystal is located exactly on

one of the <110) zone axes such that the diffraction pattern looks as in

* Figure 49 c, then both the twins and the parent crystal are diffracting

* 7
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strongly and the image appears dark. If, however, the crystal is tilted

slightly away from the axis, then only an arc of the possible

reflections will diffract strongly and, depending on the location of the

arc, the twins and parent crystal will be in or out of contrast. If the

arc of reflections corresponds to that shown in Figure 49d, then the

twins will diffract strongly and appear as dark in the image. This type

of image is shown in Figure 50a, simultaneously showing two sets of

twins on (111} planes originating at the Si/sapphire interface. The

diffraction pattern is shown in Figure 50b, and the arc of strong

reflections can be seen. The twin reflections are highly streaked,

indicating that some of the microtwins are only a few atom layers

thick. Since there are two sets of twins lying on different {ll}

planes, the streaks extend in different directions for each separate set

* of twin reflections.

It is often difficult to orient the crystal exactly such that

both sets of twins will be imaged clearly and equally over large

sections of the Si layer. Also, if the twin density is high,

overlapping images can obscure the relative twin densities. This

situation can be rectified by forming dark field images which show each

set of twins individually. This is accomplished by tilting the incident

electron beam such that the particular twin reflection desired is

traveling down the optical axis of the microscope and forms the image.

Dark field images of each set of twins shown in Figure 50a are shown in

Figure 50c and d. The twin reflections used to form the images are

arrowed in the diffraction pattern in Figure 50b and for clarity are

-* also arrowed in the schematic of Figure 49d.

The procedures outlined in this section were used to analyze the

twin density and distribution in the Si layer. A bright field image was

formed first to show both sets of twins over a relatively large length

* of the layer. Then individual dark field images of each set of twins

were formed to show the relative twin densities more clearly.

* 0
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*Figuire 50. a) Bright field micrograph shoWing two sets of microtwins in

I SOS imaged nnder condition-, shown in Fignurc 49h.
b) Electron di ffraction patterni -,howing arc of strong
refl-cts;; the two twin reflection,, aro indicated.
r ) and (1) Di rk field mi crog r iphs i nd ivi dtia ll showi ng e,:loh
set of twins formed by us Invh twin spots shown in d.
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4.1.2 XTEM Results

Several wafers were selected for characterization by XTEM.

Because the technique is time-consuming and expensive, it was not

possible to investigate the entire range of wafers characterized by UVS

haze.

A vendor wafer with high haze is shown in Figure 51. In the

bright field view of Figure 5la, all of the twins are visible, while the

dark field views of Figure 51b and c show only the twins of selected

orientation. The boundary of the silicon epilayer and the Silox

covering layer is clearly delineated in the bright field view

(Figure 51a). The silicon sapphire interface is seen at the bottom of

all three views. Each display is a montage of separate views. The

inset of Figure 51d shows the selected area diffraction pattern from

this region of the sample. The black rectangles in Figure 51a are the

TEM plate identification labels. The viewing direction for Figure 51 is

along the 110 axis, as seen in Figure 52. This vendor wafer, W75F, is a

Type I wafer, with the c-axis projection located 450 CCW from the

flat. The silicon 100 axis is chosen to lie along the c-axis projec-

tion. The twin planes that are visible in this orientation are Tii and

ITI. As Figure 51 clearly shows, the density of twins on the Ill plane

is much greater than that on the iTI plane. A measure of twin density

was obtained by counting the twins observable in the dark field views,

at the surface, mid-plane, and silicon sapphire interface. The results

are tabulated in Table 10.

Another view of the same wafer is shown in Figure 53. Here,

only the dark field views are shown, from a IT0 viewing direction. The

twin density is observed to be greater on the TIT plane and less on the

111 plane. The densities were counted and entered in Table 10.

A second vendor wafer, W96F, was also prepared for TEM. The

resulting cross-section micrograph is shown in Figure 54. This is also

113
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Figure 52. Orientation of twin planes and viewing directions for XTEM
K views; the silicon (111) planes are shown projecting

downward into the epilayer.
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Table 10

Twin Densities Determined From XTEM Views

Twin Density
Twins/am W75F W96F

I11 Surface 0.3
Mid-plane 1.6
Interface 39.0

11 Surface 6.3 2.1
Mid-plane 6.0 5.3
Interface 53.0 61.0

TiI Surface 12.7
Mid-plane 13.3
Interface 75.0

1 LSurface 0.7 2.1
Mid-plane 2.3 3.5
Interface 47.0 34.0

UVS Haze (Haze Numbers) 193.0 90.0

UVS Angular Scan Contrast Ratio 2.15 1.37

a Type I wafer, but with much lower UVS haze than W7SF. The twin

density is greatest on the Ii1 plane. The density counts are also shown

in Table 10.

In general, the data displayed in Table 10 are consistent with

the accepted picture of the defect structures in SOS. The density of

twins at the interface is very high, but the density decreases rapidly1

in the overlying epilayer. Our data show that the density of twins

observed at the mid-point of the epilayer is only slightly hiher than

the density of the surface. The distribution of twins on the (111)

planes is highly preferential to the TTI and Il planes. This has also _

been reported in earlier work.
( 5 )

Table 10 also lists the UVS haze numbers and angular scan

anisotropy ratios. Wafer W75F has about twice as much haze, while the
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surface twin density is three to six times as great as W96F. This]

suggests a positive correlation between UVS haze and defect density.

The rotation angle anisotropy for W75F is 2.15, among the highest of all

SOS wafers measured, while W96F has a low ratio at 1.37. It is

interesting to note that W75F also has a high ratio of surface twin

* densities on the majority twin planes relative to the minority planes,

* while W96F has approximately equal twin densities of these planes. A

sample of two wafers is obviously too small to establish these

relationships on any statistical basis. We turn next to an examination

of causal relationships.

It was established by metallizing the SOS wafer surface that UVS

haze is due mainly to surface contours. The TEM cross sections were

* inspected for direct evidence of surface features. Figure 55 shows

high-magnification views of regions where twins intersect the surface.

* Very small surface asperities can be observed on the point where the

*twin emerges. The amplitude of the asperity is about 5 m. Another

type of surface contour can also be observed by laying a straight edge

along the silicon surface of Figures 51, 53, and 54. The surface is

* most clearly delineated in the bright field views. Surface contours

about 5 nm in amplitude with a length of 100 to 200 nm have been

found. Some of these contours, which are typically smooth, shallow

depressions in the surface, are found near twins. However, other

surface troughs are not near any twins. Surface features of sizes

larger than about one micrometer in extent would be difficult to find

* due to the problem in precisely registering the successive photos in the

montage views. Attempts to get a more comprehensive view of the surface

texture by making a surface replica were unsuccessful, as the replicas

showed very little contrast. Talystep traces, with lateral resolution

* limited to about 12 u.m by the stylus diameter, showed surface contouring

of 2-3 nm. Piecing together the information on hand, we can begin to

see which features can contribute to UVS haze. First, the very small

surface asperities on the twin traces on the surface are not likely to

0 cause the observed scattering. The characteristic UVS peaks in rotation
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angle scans are observed to persist when the SOS wafer is coated with up

to 100 nm of metal. The sharp asperities where the twins emerge will be

smoothed over by the deposited metal. In addition, the twin traces lie

on the surface at 450 angles with respect to the c-axis projection.

Linear features so aligned should give peak scattering at right angles

to their linear axes, or at 450 angles from the c-axis. However, in all

cases, the scattering peaks are observed at 900 angles from the c-axis.

This symmetry property raises difficulties in any hypothesis that

- relates the UV scattering directly to the twin density. It is necessary

to consider whether the twin structure can give rise by an indirect S

process to surface contours aligned along the c-axis.

Some evidence for extended structures involving more than one

twin is shown in Figure 56. In this micrograph, the viewing direction

is Too, and both sets of majority twins on the TIl and TIT planes are

visible. At several places in the figure, there are intersecting twin

planes at the middle of the epilayer or higher. Such extended defects

presumably extend to the surface, according to the density counts of

". Table 10. Intersecting twin planes of this type cannot be seen in -

Figures 51, 53, or 54 because one of the planes would be out of

contrast. The existence of intersecting twins, or chains of inter-

secting twins, can be expected to give rise to more complex surface

contours than isolated twins. However, at this point, it is not

possible to establish a causal relationship between the crystal defect

structure and the surface contours which give rise to UVS haze.

4.2 Current DLTS Measurements on SOS Transistors

- Deep-Level Transient Spectroscopy (DLTS) measurements are useful

in characterizing traps in semiconductors, including the trap density,

energy level, and capture cross section. The most common approach to

DLTS measurements is to measure the capacitance associated with the

depletion region of a Schottky-barrier diode or p-n junction diode under

reverse bias.(29) In such a measurement, the depletion region of the

reverse-biased diode is partially collapsed by a pulse which momentarily
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reduces the magnitude of the reverse bias. During the time of the

pulse, traps in the original depletion region are flooded with carriers,

and essentially all of the traps become filled. Immediately after the

pulse, the original depletion region is perturbed by the trapped charge,

and this changes the capacitance of the depletion region. With time,

the trapped charge is emitted and the capacitance associated with the

depletion region returns to its steady-state value. The rate at which

the trapped charge is released depends on the position of the trap

energy level in the semiconductor bandgap and the temperature of the

sample. Thus, by observing the capacitance transient associated with

the bias pulse and its aftermath, the characteristics of traps which lie

within the steady-state depletion region can be determined.

Capacitance DLTS, however, is not well suited for thin layers,

such as the silicon layer in an SOS structure, because a reverse bias

can cause the depletion region to extend to the substrate with ill-

defined consequences. Furthermore, it is frequently the behavior of a

fully processed MOSFET that is of primary interest, rather than the
S

characterization of the starting layer. Use of an SOS MOSFET as the

test device in a DLTS measurement enables the device itself to be

characterized so that processed-induced traps can also be observed. In

this case, the depletion region that is collapsed is the depletion

region beneath the gate. It is within this restricted region that traps

are detected. Hence, the technique is capable of sensing traps with a

high degree of spatial resolution, with the area sensed given by the

area of the gate.

In implementing the DLTS technique with a MOSFET as the test

device, it is the drain current which exhibits the tranqient behavior

after a bias pulse is applied to the gate. This is because charge which

* is trapped during the bias pulse remains in the depletion region after

the bias pulse and alters the threshold voltage of the MOSFET. As the

traps release their captured charge with time, the thresiiold voltage

changes. Since the gate voltage is constant at all times except during

* the pulse, a changing threshold voltage means a changing drain 4i
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current. Assuming that the concentration of trapped charge decreases

exponentially with time, it follows that the drain current likewise .

changes exponentially with time after the gate bias pulse. These ideas

are developed quantitatively elsewhere.
( 30 )

A schematic diagram of the current DLTS set-up and the cucrent

transient that is produced is given in Figure 57. The devices studied

in this work are n-channel enhancement-made MOSFETs. Consequently, in

steady-state operation a positive voltage (- 2.0 V) is applied to the

gate so that a small current (- 10 viA) flows from drain to source under

the influence of a modest voltage between drain and source (- 50 mV).

The gate is pulsed to zero volts, thereby dissipating the conducting

channel and collapsing the depletion region beneath the gate. During

this time, majority carriers (holes) fill the traps in the region where
S

the depletion field has collapsed. Note that only majority carrier

traps can be sensed by this technique, since only majority carriers are

available to flood the depletion region. During the time of the pulse,

the drain current is reduced to zero. Immediately after the pulse the
S

drain current exceeds the steady-state value because the trapped holes

(positive charge) partially offset the ionized acceptors (negative

charge). In this condition the doping density is reduced, in effect,

and with it the threshold voltage is reduced. The excess current which

flows as a result decays to zero as the traps emit their captured holes,

is illustrated in Figure 57. The drain current is converted to a

voltage, amplified, digitized, and sent to a computer for analysis.

The system for acquiring and analyzing current DLTS data is |

shown in block diagram form in Figure 58. The system is controlled by a

Digital Equipment Corporation MINC computer with a PDP 11/23 central

processing unit. The computer generates the synchronization signal

which triggers the pulse generator and timing instruments, and receives S

the digitized current transient from the current amplifier. The current

transient is digitized by a fast (100 kHz) 12-bit A/D converter upon

receipt )f a trigger pulse from the time base generator. The interval

between su-cessive pulses increases exponentially to match the 5
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exponential decay of the current transient. The transient is typically

digitized at nine points, with the interval between pulses varying from

100 us near the beginning of the transient to 13 ms near the end.

The sample is cooled to 400 K with a helium gas refrigerator,

and then is gradually warmed to room temperature as DLTS data are

acquired. The sample temperature is measured with a silicon diode

sensor which is read by a multimeter and interfaced to the computer by

the IEEE-488 bus. In order to improve the signal-to-noise ratio, - 300 " "

transients are acquired and averaged while the temperature increases by

10K.

The structure and doping densities of SOS MOSFET test devices

used in this study are shown in Figure 59. Note that the gate length

and width are 2 um and 40 pm, respectively, so the total area being

sensed in the current DLTS measurement is only 80 um2 .

The drain characteristics of SOS MOSFET 5425-7-7-6, used as a

DLTS test device, are shown in Figure 60. The curves are shown both

with the drain current saturated (60a) and with the drain current

increasing linearly with drain voltage (60b). The current DLTS

*measurement is made with the MOSFET biased in the linear region of

" Figure 60b, and typical bias conditions are VDS = 50 mV and VGS 2.0 V.

Current DLTS measurements were made on several SOS MOSFETs. In

some test devices, a peak associated with a hole trap was observed,

while in other devices no peak was observed. A plot of a single DLTS

peak for sample 5425-7-7-6 is given in Figure 61. This peak was -

constructed by taking the difference between the value of drain current

at 1.54 ms after the bias pulse and the value of drain current at 3.12

*ms after the bias pulse, and plotting this difference as a function of

temperature. The current axis of Figure 61 is in arbitrary units, but

with known instrument settings the peak height indicates that the

amplitude of the current transient immediately after the bias pulse is
2.7 x 0-8 A
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PyFigure 59. Structre of SOS MOSFT: 3) top view, b) cross section.

The gate length is 2 wim and width is 40 pm.
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Figure 60. 1-V characteristics of SOS MOSFET (5425-7-7-L) used as DLTS
test device: a) drain current saturated, b) drain current
varying linearly with drain voltage. Current DLTS
measurements are made with the MOSFET biased in the linear
region, as in (b).
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Curve 7464?5-A
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Figure 61. Sample exhibiting pek in current DLTS measurement: SOS
chip 5425-7-7, transistor L, 1'S= 50.3 S - 0 V
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By examining the value of drain current at other discrete times

after the bias pulse (times at which the current transient was digi-

tized), curves similar to that shown in Figure 61 can be constructed.

Each of these curves has a peak at a unique temperature. Using a

standard technique for analyzing DLTS data, (2 9 ) the energy level of the

hole trap can be determined. In this case:

Etm E v+ (0.26 *0.04) eV (5)

The expression for calculating the trap concentration relative

to the doping density in the silicon beneath the gate is given as( 3 0 ):

Nt Al(t = o) 2 C
_____D 0 (6)

NA  ID(t ) (QB/(Vs- VT)

where Nt is the trap density, NA is the acceptor doping in the region

beneath the gate, ID (t = 0) is the steady-state drain current,

ID (t = 0) is the amplitude of the current transient immediately after

the bias pulse, Co is the gate oxide capacitance per unit area, VT is

the threshold voltage, VGS is the steady-state gate voltage, and QB is

the charge uncovered in the depletion region per unit area at the onset

of inversion. QB, in turn, is expressed as(
30 )"

1/2(7
- (4 KsCoq (7fNA) (

where KSi is the dielectric constant of silicon, Eo is the permitivity

of free space, and f is the magnitude of the difference between the

intrinsic potential and the Fermi potential. When these quantities are

calculated, the concentration of traps for the sample of Figure 61 is

determined to be:

614 -3 --
Nt= 8.3 x 10 cm •

Note that this concentration of traps is approximately 10% of the

concentration of dopant atoms.
1

131 "

* 0'.-.



i-.-

In contrast, the current OLTS plot of Figure 62 for sample

71-5-11 shows no indication of traps. In this case only an upper bound

on trap concentration can be quoted. If a DLTS peak is to be evident,

the peak height must be three times as great as the rms noise. Using

this criterion, and the magnitude of the noise of Figure 62, it can be

stated that traps in sample 71-5-11 are present only at some value less

than 4.2 1il cm-3 .

A summary of the current DLTS measurements made on SOS MOSFET

test devices is given in Table 11. Because of time constraints, only a

limited amount of data related to trap parameters was acquired. For

this reason, no serious attempt at correlating device properties with

measured trap parameters could be made. However, it is interesting to

note that the level of Ev + 0.30 eV, observed in two samples of

Table 11, agrees with one of two levels reported for n-channel SOS

MOSFETS. (30)

Table 11

Results of Current DLTS Measurements

Test Device: SOS n-Channel Enhancement Mode MOSFE , 2 Lm gate length,
40 yn gate width, NA =7.5 x 101 5 /cm, tox 300 .

Test Conditions:

Temperature Range: 40 - 300 0 K

VDS 50 mV
: 2.0 V •

VGS 2.0
Pulse Amplitude : 2.0 V

ID (typical) : 1.0 LA (at room temperature)

Sample Trap Energy Level Trap Concentration

5425-7-7-L Ev + (0.26 + .)4) eV 8.3 x 1014 cm-3

5425-7-7-J Ev  + (0.03 + i)/02) 8.6 x 1013

71-1-9 E + (0.09 + 0.02) 3.4 - 10
71-1-5 None Detected <4.2 X 10 3

71-5-11 None Detected <4.2 w I '11 3

I
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Curve 746416-A

100 I I I

80 - No Trap Observed, Thus:
13 -360 -N <4.2x 10 cm

S40
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~-20
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20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320

Temperature (K)

Figure 62. Sample exhibiting no peak in current DLTS measurement: SOS
*chip 71-5, transistor 11, V 5 =) 50.7, mV, V GS 2.0 v.
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5. DEVICE FABRICATION AND TESTING

This section describes the fabrication of test vehicles in

vendor-supplied and in Westinghouse-grown SOS wafers, as well as the

electrical characterization for yield and device performance. Both

tasks were carried out at Westinghouse Advanced Technology Laboratories.

5.1 Fabrication Procedure

The chosen test vehicle is a modified 4056 VHSIC Phase 0 mask

set. Requirements are for at least ten chips havinq ten identical

MOSFETs with individualy accessible gate and drain pads. Substrate

connections for all devices are left floating.

The original 4056 mask set required modification to the

polysilicon and metal levels to fulfill contract requirements for

meaningful statistical analysis. Alterations to the poly level involved

the redimensioning of an array of 12 constant-width, variable-length

MOSFETs to provide constant-width and constant-length MOSFETs using gate

dimensions of 36 and 20 um, respectively. A CALCOMP plot of the final

transistor array is shown in Figure 63.

The metal-layer level required interconnect modifications to

allow individual probing of each MOSFET with several gate and drain
I •

pads. Originally, several transistors shared the common gate and source

contacts, which could present a problem if an interconnect failure

occurred. On each wafer there are 20 chip sites with each chip having

12 identical test transistors, all of which were either NMOS or PMOS.
I 0

Forty 2 x 2 pads are configured using the NBS standard 160 wm pitch,

Sio urm pad with 60 n spacing. Also used in this study is the

large-area capacitor structures (Figure 63b) located in a different

quadrant of the mask set. Their area Is 3.6 x 10-  cm2 with two

1 3
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individual poly plate areas with separite contacts. Substrate contact,

are shared between two pads. - 0

The process selected to fabricate the test vehicle provides a

choice of either N-channel or P-channel device fabrication. To simplify

the process sequence, the threshold and S/D implant mask steos were

eliminated.

For the N-channel process (Table 12), only four mask steps are

required. Steps 1-6 define silicon island areas. The silox is used to

mask the nitride layer when etching in hot H3p 4. Silicon islands are

etched in a warm KOH solution, which removes 2.5 k-A of epitaxiai

silicon. Edge leakage is prevented by the us e of a BF2 blankft implant

(only in the N-channel process). The nitride mask blocks the island

areas from the BF2 implant.

A 6.5 kA field oxidation is performed to consume the remaining

2.5 kA of silicon followed bv a 300 1 scattering oxidation.

Punchthrough and threshold adjust implants are performed in both

NMOS and PMOS processes after which the scattering oxide is stripped and

the gate oxide (275 A) is regrown. A 2(i ! nitride layer is deposited

over the gate oxide to reduce polysilicon-to-substrate shorting.

Polysilicon is deposited and doped t,) 25 ohms per square sheet

resitance. The polvsilicon 4ates are then 80% parallel plate plasma

et 'hed i-i CCL 4 jas and 207 chemically t etched

-iv r thin l <ie/ni tri e.

The polvsilicon gates are then oxidized, and a 250 4 nitride

v,3'.r f.r S;- implant scattering is deposited. N-channel devices have a"-

i ,ihi . iIhll-w'Aeep implint at 8(3 KeV and 19'1) KeV; P-channels have a

oin n i n i t ) KeV. i' )x is deposited and densified.

*'&'i. i-ati )n it ,)r 2 1 mint in ), also activates the

ii- wi-id "ws -re nhemlcIllv et '-hed nd 8 kA nf flash soure 2
* -ti . d defined. Etchinc of aluminum i; done

I 3t)
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Table 12
NMOS and PMOS Process Description * _ -

STEP DESCRIPTION

I Wafer Sheet

2 Photo Number
3 Oxidation 300 A
4 Nitride 2000 A

5 Silox 1000 A
6 Photo-Silicon Island Definition 4056-IB
7 Silicon Island Etch -
8 Edge Leakage Implant BF2 6 x 10E12-cm 2 9 100 KeV
9 Field Oxidation 6000 A
10 Special Etch (nitride removal)
11 Implant Barrier Oxidation 300 A
12 P-well Implant

1~ -2NMOS-B 5 x 101cm- 2 @ 190 KeV
NMOS-B 9 x 10l cm -2 @ 60 KeV

PMOS-P 9 x 1011 @ 190 KeV

PMOS-B 8 x 1011 @ 50 KeV

13 Anneal 9000 C, 30 min S

14 Gate Oxide 300 A
15 Gate Nitride 200 A

16 Poly Deposition 6000 A
17 Poly Doping Phos Diffusion to 25

18 Photo Poly Definition 4056-6B
19 Anneal 9000 C, 30 min
20 Nitride LPCVD 250 A
21 Source/Drain Implant

NMOS-P I x 1O5cm-2 @ 80 KeV
NMOS-P 1 X 100cm- 2 (a 180 KeV

PMOS-BF2 1.4 x 191 5 @ i00 KeV ' 5
PMOS-B I x t0'4 @ 80 KeV

22 Silox Deposition LPCVD 5000 A
23 Photo-Contact Windows 4056-9A

* 24 Anneal 900 0 C, 30 min
25 Al Evaporation Al 8000 4

26 Photo First Metal 4056-1ic
27 Sinter 4000 C, 30 min

137
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chemically. Finally, the contacts are sinitered at 4501C for 30 min in

N, ambient.

5.2 Test Method and Data Tabulation

The Keithley models LPT-2 and LPT-300 were used to obtain -

automated test data. The following parameters were measured for each

transistor.

I. Threshold voltage

2. Transconductance

3. Leakage Current (S/D)

4. Mobility

Sample I-V curves are shown for each (Figure 64), illustrating near- 0

standard transistor characteristics. The "KINK" effect is noticeable in

NMOS device lots 5425, 5436, and 5457, whereas the PMOS device has near-

flat curved saturation behavior. Contact resistance is noticeable in

the 5436 sample by the "S"-shaped current trace before saturation..

Threshold voltage was measured by measuring VGS at a specified

current level of I lim with gate and drain terminals tied together. The .. '-

allowable range for this parameter is ' .1 = VTH 2 V for N- and

P-channel devices.

Using the general equation for transconductance:

gm = AIDS/AVGsI VDS (8) .

values were obtained for VGS = VG2-VGI and AIDS where:

V G2  = 5.5 V, 0

VGI = 4.5 V,

VDS = 5.0 V

and AIDs = IDS21 DSl was measured for each bias case.
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6i

Upper and lower bounds for gm were chosen from .5 mS to 108 S

for both P- and N-channel devices.

Using a curve fit to the general MOSFET drain current equation

in the linear region (i.e., VDS 50 mV-100 mV):

D I (W/L) uo Ci (V G-V )V (9)DS o i G T DS()

The source drain resistance RDS=VDS/IDS/VGS is measured for two gate-to-

source bias levels. Since all other parameters are known, po can be

solved for as follows:

1o= (L/W) (l/CiRDs(VG-VT))

C1 is determined experimentally using C-V measurements for maximum

capacitance. Experimental extraction of Ci was done using high-

frequency C-V measurments to eliminate complexity caused by the

nitride/oxide sandwich dielectric layers. C-V plots were swept from -7

V to +7 V using a bias frequency I MHz on an HP9826 automated C-V test

station. Insulator capacitance values are listed at the header for each

wafer measurement since C-V measurements were done to characterize

dielectric properties of each wafer. Mobility bounds were specified %

from 20 cm2 /V-S to 500 cm2 /V-S. These boards indicate a properly

functioning device.

With the gate terminal grounded and 5 volts applied from drain

to source, the drain source current (leakage current) was measured.
* S

Bounds for leakage current were specified from 0.0 WA to 10 IA.

All the above parameters were measured for each transistor,

averaged for each die site, then averaged for each wafer. Figure 65

4 shows a sample printout of test data.

At the top, device type (P or N) is specified followed by

insulator capacitance, C., which is in units of capacitance per unit

area (cm2 ). Length and width are also listed for each device.

14
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uAFER # 13
IYFE N
C= 0.13100OE-06 FARADS/CM**K.-
La.2.00 MtICRONS
'W=36.00 MIJCRONS

I ts VI'S VGS VB

0.111000E-03 0.500000E-01 2.50000 0.000000 A

0.129300E-03 0.500000E-01 3.00000 0.000000 A

0.521750E-05 5.00000 0.000000 0.000000 A

0.540500E-02 5.00000 4.50000 0.000000 A

0.674250E-02 5.00000 5.50000 0.000000 A

0.382900 =Vt A

444.701 =U1 A
419.049 =U2 A
431.875 =U3 -

0.133750E-02 =GM1 A
IDS VDS VGS vBS

0.106200E-03 0.5000OOE-01 2.50-000 0.000000 B

0.125000E-03 0.500000E-01 3.00000 0.000000 B

0.578750E-05 5.00000 0.000000 0.000000 B

0.532000E-02 5.00000 4.56000 0.000000 B

0.664000E-02 5.00000 5e.50000 0,000000 B

0.374500 =Vt B

423.789 =U1 B
403.e17 =u2 P
413.803 =U3 B

0.'132000E-02 =GM1 B

CHIP t 12 SUMMARY

MEAN STD. tiE'.'. % PASS

Uo 390.428 10.8674 91.67

(SRI, 0.132318E-02 0.254865E-04 91.67

" Vt 0.625708 0.184672 100.00
IL 0.786364E-06 0.294292E-06 91.67

WAFER t 13 SUMMARY

MEAN STD. BEV. % PASS
Uo 304-099 106.192 54.08

Gni 0.125748E-02 0.266976E-03 51.48
I 0t 0.542705 0.326527 56.51 0
IL 0.100171E-05 0.153607E-05 75.87

Figure 65. Sample printout of test data.
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Five columns with IDS) VDS , VGS , and VBS and transistor letter

are given for each measurement. - .

The first two rows are raw data values for mobility. The third

row is raw data for leakage current. The last two rows are raw data

points for transconductance. Following the data points are calculated

values: VTH is threshold; UI is Uo@VGS = 2.5; U2 is o @ VGS = 3.0 V;

and U3 is the average ofand Und U2 . C is the calculated transconduc-

tance. The letter following each value is the transistor ID letter.

After 12 transistor measurements, there is a chip summary of Uo, O

Gm, VTH, and IL giving mean standard deviation and passed based on

specified windows for parameters. Follow 12 chip-scanning sections,

there is a wafer summary giving the same statistics for the whole chip

of 12 die sites tested. A map of the chip sites is shown in Figure 66.

All bulk control wafers processed were found to have MOSFETs

with high source-to-drain leakage currents as shown in Figure 67. This

is because the MOSFETs are not isolated from each other on bulk wafers,

and blanket S/D and VTH implants were used throughout the process. O

These wafers can be identified as having high ATD ID numbers. For Lot

5425, hulk-sample ID numbers are greater than 15. For the other lots

bulk samples have ID numbers greater than 15.

Run 5436 shows the lowest yield in terms of mobility and - -

functional devices. This can be partially due to process-induced faults

such as high contact resistance and damaged channel areas. It is

suspected that the epitaxial deposition reactor introduced contaminants

when the lots had the 900 0 C, 30 min anneal. Lots 5425 and 5458 did not

have this anneal. Run 5457 had the Ml layer reworked after observing

noticeable contact problems after MI definition. During the second

rework, an attempt was made to clean out the contaminated windows using

a short silicon etch. This was successful on some wafers, although

)thers were badly damaged and exhibit 1-V characteristics is in

F1 ir,- -8. Contict resistance meisurement, are performed for all the

1 ni! simmar i ed in Table 13.
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Figure 68. I-V curve showing damage resulting from short silicon etch.
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Table 13

Summary of Contact Resistance Measurements

lot RC (Q/i m
2 ) rms

5425 3.1 0.2

5436 63.4 10.3

5457 10.0 L. 5

5458 12.7 6.0

Rather than risk damaging devices in 5636, the first metal level

was not reworked. Contact resistance varies by almost a factor of six

between 5436 and 5457. The raw data indicate that most devices had . '

extremely low current levels at 50 mV drain-to-source bias, which is

probably below the capabilities of the current-measuring instruments.

The target gate oxide thickness is 275 A. During runs 5636 and

5657 some problems were experienced in obtaining correct oxide thick-

ness, and test runs were performed. However, the lot oxide thicknesses

were inconsistent with the test runs. Rather than strip and regrow gate

oxide, a process which disturbs underlying threshold implant impurity

distribution, the original oxide layers were left intact.

Presented in this section are measurement results from the SOS
*q

samples processed at Westinghouse ATL. The raw data are recorded on

disk format because the printout data are numerous in content. This

section should serve as a guide to interpreting the transistor measure-

ment data so that further analysis can be performed on statistical

correlation with characterization results.
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6. STATISTICAL ANALYSIS

In this section the device test data and wafer characterization

data are analyzed to find statistically significant indicators for

device yield and performance. The handling of the electrical test data

is described, and processing yield factors are discussed. The

statistical correlations of device parameters and characterization

numbers are given and their significance is discussed.

6.1 Device Fabrication and Electrical Testing

Four separate fabrication runs were submitted to ATL for device

fabrication and wafer testing. The wafers in each run were selected to

include high, medium, and low haze, and both vendor and Westinghouse-

grown epilayers. Of a total of 53 wafers submitted, only 28 were

finally available for electrical testing. The processing yields of each

run are shown in Table 14. The detailed run folders of each run were

searched to find at which process steps the wafers were spoiled (except

for run 1, for which the run folder has been lost). As shown in

Table 15, most of the wafers spoiled in processing were lost during

Iigh-temperature steps. The cause of spoilage was cracking of the wafer

in all cases except the photoresist steps. It is well known that SOS

wafers are sensitive to thermal shock. Special instructions were

included in the run sheets, specifying slow insertion and withdrawal

from furnaces, for example, to protect the SOS wafers from such

shocks. Nevertheless, wafers were cracked even in hot liquid etches.

*1 Such high losses are not at all typical of the SOS production runs at

ATL. The problem here may exist precisely because these wafer lots were

not regular production runs, and some of the personnel handling the lots

may not have been familiar with the special handling precautions
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Table 14

Processing Yield Analysis

Run Number Wafers Started Wafers Tested Wafers Spoiled

1 15 11 4*

2 12 6 6

3 13 6 7

4 13 6 7

Totals 53 29 21

*Not accounted for in Table 15

Table 15

Analysis of Wafers Spoiled in Processing in Runs 2-4

Step Temperature Number of Wafers Spoiled

Oxidation 900 - 1000 4

Silox 900 - 950 3

Nitridation 850 4

Poly Deposition 950? 1

Diffusion 900 - 950 2

Anneal 900 ,

Hot Acid Etch 180

Photoresist 3

Total 20 5
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required for SOS. This result indicates that processing yield continues

to be a concern for SOS.

The wafers that were successfully fabricated were electrically

characterized by automated testing. The fabrication process, electrical

tests, and parameter evaluations are described in Section 5. The device

test data were stored on a large, demountable disc and transported to ,

Westinghouse R&D. The voluminous data files were then translated into

condensed numeric files for processing. All of the data was stored as -,"

ASCII character files. A program was written to sequentially read the

files and to identify the fields that contain the required infor- 0

mation. The files as written contain a lot of redundant information,

such as labels and input variable values that are the same for each

device test. By selecting the required data fields and translating the

ASCII characters into numeric data in the APL programming language, a

substantial reduction in memory requirement was achieved. Even so, the

total data set was so large that the APL workspace size had to be

increased to the maximum allowed on our computer. ""

Each device was tested at several bias points. From the

measurements, calculations were made of leakage current, threshold

voltage, mobility, and transconductance, as discussed in Section 5. The

0E test data files contain numeric values for the four parameters listed.

Hand calculations of several cases showed that the parameters were

correctly computed according to the methods given in Section 5. The

computer data transfer selected these parameter values and compiled then

into a 12 by 4 array, giving the four parameters for each of the

12 devices tested in a single chip. Every wafer contained 12 chips that

were tested, so the array of data from a wafer had dimensions 12 by

12 by 4. The test data records also included chip summaries, which gave

the mean values and standard deviations for the four parameters and the

percentage of devices, within the acceptable limits for each para-

meter. Wafer summaries were also included in the data records, which

Lreport the mean and standard deviations and percentage yields based on

the four parameters. Initially, the wafer summaries were used to
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perform correlations with the wafer UVS haze numbers. However, it was O
noted that some of the parameter values for different wafers were equal

to 10 decimal places. Evidently a bug in the comouter code of the test

and data acquisition system led to improper selection of the raw data

for compiling the chip and wafer summaries. To correct this proIllem,

new summaries were made based on the individual device test records.

The new summaries did not show any coincidences of mean values,

indicating that there is no direct duplication of device test data

itself. Also, several wafers were retested in different test runs, with

close but not identical test results. The same acceptanc- ltrntts 4'-re

applied to all of the parameters, and only de,ices that passed all

acceptance tests were considered to be good devices. The limits for

leakage current were 1 nA and 10 ijA. The lower limit screens devices
* S

that are defective to the point of being completely open circuited. The

upper limit represents an approximate design limit for circuit function-

alitv. Threshold voltage limits were set to 0.1 and 2.0 volts, both

being estimates of acceptable limits for circuit function. The mobility

limits were 20 and 900 cm/hs, the lower limit rejecting poor devices

and the upper limit rejecting irregular I-V curves. Similarly, the

transconductance limits were 0.0005 to 100 S (ohms- ') to assure adequate

device performance and screen out irregular characteristics. The yield

was defined as the percentage of good devices among the total number of

devices tested on the wafer.

The tabulation of all electrical test data is given in

Table l6. The wafer number is given along with the fabrication run

numbers, followed by the mean and standard deviation over all good

wafers ftr the leakage current, threshold voltage, mobility, and

transconductance. The yield, INS haze number, and vendor haze number

ire iven in the last three col,!mns. For the wafers which had no good g

,fev!,-es, the number if devices which passed the acceptance limit of each

rarameter Ire given instead of the mean and standard deviation of the

ar imeter. For ex.m1, , in wafer 313, 143 out of 144 devices passed the

1eaka,' -tirrent aCcept ICe Iimits, bt )n 1v one devi ce pasted anv of the •
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7,7

other acceptance tests. This indicates devices which are totally

nonfunctional. The statistical tests described below are based on this

data table.

6.2 Statistical Analysis of Test Data

The measurement data are analyzed next by using scatter plots .

and correlation coefficients. The yield of devices per wafer is shown

plotted against the UVS haze number in the scatter plot shown in

Figure 69, with data for all SOS wafers tested. The haze number is

shown on a logarithmic scale to accommodate the wide ran'ie of

variation. No clear trend is evident in the inclusive data set.

The analysis is placed on a quantitative basis by tabulation of

the correlations of device yield and parameters with haze. The

correlation coefficient measures the amount of the linear variation in a

dependent variable (yield, threshold, etc.) that can be attributed to

variation in an independent variable (haze). If the correlation is +L

(or -1), then the dependent variable can be computed exactly, in the

given data set, as a linearly increasing (or decreasing) function of the

dependent variable. The correlations are tabulated in Table 17. The

first entry in the table defines the group for which the correlation was

taken. The entries include all SOS wafers taken together, all wafers

with non-zero yield, all vendor wafers, and each of these categories by

run number. For each group, the number of data points and the number of

remeasurements in the data set are given. Both UVS haze and the UV

reflectance haze provided by the vendor have been analyzed. The UV -

reflectance correlations can only be taken on groups of vendor wafers,

since reflectance data is not available for Westinghouse wafers.

Correlation of yield is given for each group, but the correlation of the

device pirameters is only given for groups of non-zero yield wafers, I

since there are no data on device parameters for the bad wafers. The -

correltion -oefficients ,ire taken between the yield (or other

par-imeter) and the linear haze number. Correlations were also run with -

the lo irithm of the I'VS hize number fv -nmnari.on. The magnitude of

121
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Figure 69. Device yield results for all SOS wafers fabricated.
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the correlation was within + 0.5 to -.11 of the corresponding linear

haze correlation. It is considered that the linear haze correlations

adequately represent the behavior of the parameters with respect to

haze.

The data plotted in Figure 69 correspond to the first entry in

Table 17. The -.72 correlation indicates a tendency for yield to

decrease at higher haze numbers. This is largely due to the zero yields

obtained on the low-temperature epi wafers. When the zero-yield wafers

are deleted, the remaining data are described by a smaller correlation,

shown in line 2 of Table 17. The data are shown in Figure 70. Over the

relatively limited range of haze numbers observed among the vendor

wafers, there is no discernable trend. The same yield data are plotted

* against the UV reflectivity haze data provided by the vendor in Figure

71. Here it can be seen that there is an apparent positive trend, due

to the high yields of some wafers with haze numbers of 5 or 6, and the

low yields of some wafers with zero haze numbers. This is reflected

quantitatively in the .46 correlation coefficient for this group of

wafers, shown in Table 17. 0

Next, the data are presented and analyzed on a run-by-run basis.

This will discriminate against factors such as processing variations

that affect the yield and performance of individual runs. Figure 72

shows the yield data for Run 1. Three low-temperature epi wafers, W304,

306, and 421, in this run showed zero yield of good devices. This is

consistent with the zero yield observed in low-temperature epi wafers

W301 and 307 in other runs. (Note that in the second oral presentation

and vtewgraphs, wafer 421 was incorrectly identified. The confusion

arose between wafers W40 and W421, which were intended to be wafer

numbers 5 and 15, respectively, in Run 1. The wafers were incorrectly

labelled by etching the epilayer. The incorrect labels were changed by

scribing new numbers over the etched numbers, before sending the wafers

to ATL, that were not properly read by the operator when the run

sequence numbers were inscribed by photolithography at ATL.) As a

result of the zero yield for the high-haze wafers, the correlation is
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Curve 746411-A
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Figure 70. Device yields for vendor wafers.
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Curve 746409-A
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Figure 71. Device yields for all vendor wafers, plotted against vendor-
* supplied UV reflectivity haze data.
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Figure 72. Device yields for Run 1.
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* strongly negative at -.86. When only the good wafers with non-zero

yield are considered, the correlation drops to -.25, which shows the

influence of the two Westinghouse wafers of moderate yield and haze

numbers near 400. Finally, when only the vendor wafers are considered,

both the UVS and reflectance haze give positive correlations of .75 and

.37, respectively.

The data for Run 2 are presented in Figure 73. In this run,

only vendor wafers with non-zero yield appear. The UVS haze correlation

is very low at -.03. No correlation can be made with reflectance haze

because all six wafers from this run had zero haze numbers by the

reflectance method. Figure 74 shows the yield data for Run 3. There is

a definite downward trend in yield with UVS haze, with correlations of

-.64 for the entire group and -.65 for the vendor wafers. The reflec-

tance haze gives a positive correlation of .88. The data for Run 4 are S

shown in Figure 75. The UVS haze shows a negative correlation of -.90

for the entire group including the zero-yield low-temperature epilayer,

and -.85 when only good wafers are included. However, for the vendor

wafers the UVS haze gives a positive .47 correlation, and the S

reflectance haze again gives positive correlation at .56.

The statistical significances of the correlations can be

determined by a t-test. The expression

221/2
S r 

1-r

gives a parameter S for a data set with correl ion coefficient r and

number of sample points n.(31) The parameter S is compared to a t-test

with n-2 degrees of freedom to determine significance. In Table 18 the

yield correlations are summarized. A single asterisk by an entry in the

table denotes statistical significance at the 0.1 level, and two

asterisks denotes significance at the 0.01 level. The UVS haze

correlations are all negative and statistically significant for the

,groups that contain high haze w,fers which had zero yield. However,

159

" .



Curve 746408-A

90 ' I III 180 ,0 iii
0

070

~60

S50
00-

40 -
0

30 -
0

20-

10
*0 0 I I I I t I , I

0 20 40 60 80 100 120 140
UVS Haze Number

II

Figure 73. Device yields for Run 2.
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Figure 74. Device yields for Run 3.
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when the data set is restricted to wafers with non-zero yield, or to

vendor wafers, fewer of the correlations are significant. Two of the .

significant correlations are negative and one is positive. For this

reason we conclude that the UVS haze is not a reliable predictor of

eventual device yield, except for wafers with very high haze numbers. The

reflectance haze correlations are all positive and three are statistically

significant. Although contrary to expectation, this would indicate that

low-reflectance haze numbers are associated with low yields.

The correlations for device parameters are also shown in

Table 17. Among the large groups of good SOS wafers and vendor wafers,

only one correlation is statistically significant at the 0.01 level;

that is, the correlation of threshold voltage with reflectance haze. In

individual runs, there are high correlations, but from one run to the

next the sign of the correlation is likely to change. There is no

consistent correlation between device parameters and haze.

Correlations were also performed between wafer yield and wafer

bow, flatness, epilayer thickness, and Raman shift. The correlation

coefficients were not statistically significant.

Table 18

Statistical Significance of Yield Correlations

Reflectance

UVS Haze Haze
All Good Vendor Vendor

Wafers Wafers Wafers Wafers

All runs -.72** -.19 -.05 .46**
Run I -.86* -.25 .75* .37*
Run 2 -.03 0
Run 3 -.64* -.65* .88**

Run 4 -.90** -.85* .47 .56

Significant at .1 level

**Significant at .01 level
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7. DISCUSSION OF RESULTS AND CONCLUSIONS

In the course of this program, SOS wafers from several sources

were characterized by structural properties; devices were fabricated and

tested, and correlations were sought between the initial tests and final

device performance. In this section, an overview of the results is

presented, with the conclusions concerning The quality of the SOS

material, applicability of characterization methods, and their rkiation

to device yield and performance.

The vendor wafers were checked for compliance with the purchase

order specifications by optical inspection and measurement. 'Wafer bow

and flatness were measured interferometrically with a Tropel wafer

flatness analyzer. Epilayer thickness was measured at five points on

each wafer by reflectance interference versus wavelength. The substrate

orientation was verified on selected wafers by X-ray. All of the vendor

wafers met the specifications in terms of visible flaws such as

scratches, pinholes, orange peel, cracks, and chips. The specifications

for bow and flatness were also satisfied. The epilayer thickness

specification was a 500 nm target thickness with a ± 10% tolerance. For

two wafers the average thickness was slightly below the tolerance limits

of 450 nm. However, the local thickness was out of specification more

often. A total of nine measurement points were too thin, and 30

measurement points were too thick. This reflects a problem with

thickness uniformity on *i single wafer. Epilaver thickness measurements

werp taken at the center of each wafer and at four points, halfway

between center ind ed ye. A\]I of these points are within the nominal

central region of the wafer, where the material qualitv must be high for
,ood chip yield. (W the vendor wafers, 37 wafers have a I0 or greater

variation in epilayer thiclkness )ver this are-i, with a maximum observed

of 1 7,'.
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Recent measurements on 4-inch SOS wafers show a significant

difference between vendors with regard to epilayer uniformity. Nineteen

wafers from Kyocera were measured at five points. The total range of

epilayer thickness was ± 5% from the mean. The maximum variation of 7%

on a single wafer is substantially lower, on a 4-inch wafer, than our

previous result of 17% on a 2-inch wafer. A single Union Carbide 4-inch

wafer was measured at five points and showed an 11% range of variation

in epi thickness.

These observations lead us to the conclusion that among the

ordinary wafer specifications, only the epilayer thickness and thickness

uniformity are problem areas.

The Raman shift measurements of epilayer stress did not reveal a

* significant variation of stress among the vendor wafers. The

Westinghouse wafers with epilayers grown at normal temperatures also

showed the same stress level as the vendor wafers. Only the low-

temperature epilayers showed a lower stress, but at the same time showed

an increased linewidth indicative of poor crystal quality. Two SOS

wafers with solid-phase regrown epilayers also showed reduced stress.

The applicability of this measurement is limited by the repeatability of

measurements on a silicon crystal wafer. The instrument resolution was

*set at a level which allowed the rapid determination of Raman shift in a

manner that would be suitable for 100% screening of wafers.

Remeasurements of a silicon wafer under these conditions showed the same

* range of variation as the SOS wafers. Increased resolution can be

_* achieved with the same instrumentation, but the time required to examine

a single wafer becomes comparable to X-ray techniques. Correlation of

the Raman shifts with device yields and performance shows no statisti-

cally significant relationship. Our conclusion is that there is little

* variation in epilayer stress among wafers subjected to the same growth 4

temperature and standard CVD deposition. The epilayer stress cannot

serve as a significant screening factor.
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The haze measurement technique based on UV scattering has been

shown to he a more precise measurement than the UV reflectance method.

For each wafer a definite, non-zero haze reading is obtained that is

repeatable in successive measurements and stable when repeated after a

long time interval. The haze has been shown to depend on the rota'..n

angle of view between the detector and the c-axis of the sapphire

substrate. This angular dependence, and the haze as measured at a fixed

orientation angle, were shown to originate in the surface texture of the

silicon epilayer. Otier methods of observing the surface texture,

including TEM surface replicas, cross-section TEM views, Nnmirski

optical microscopy, and prof'lometrv, were inconclusive in ad!!n/,

information about the nature of the surface texture. The distinguishing

feature of the angular dependence of scattering, first discovered in the

course of this program, is the presence of either two or four scattering 0

peaks symmetrically disposed with respect to the c-axis projection on

the sapphire substrate. Such peaks are observed in Union Carbide 2- and

4 -inch wafers, epilayers grown at normal temperatures at Westinghouse,

and in Kyocera 4-inch wafers. There is a considerable range of 0

variation in the height of the peaks and in the relative amplitudes of

the two major and two minor peaks. The significance of these variations

has not been determined. Our tentative conclusion concerning UV

scattering is that this Is a very sensitive tool for observing the •

surface texture of the silicon epilayer, but more intensive study is

required before the results can he properly interpreted In terms of the

letails of the crystal structure of the epilaver.

The haze measured by Wrv scatterfng is related to the crystal

iilitv H the opil1avr, at least In a qtilitative way. The low-

',mporatliro opi!avers, ,,rown to, proviih an oxample of poor-quality

41toria , how ha;', lvel that is 2( tou 30l times hi'lher than the

'eudor wai trs. he Westi neh,u,,s hi h-temperature epilavers also show

hi ,hor hu.,, mi ihwit '4 r, C 6 time i.s hig.h as-, tho vendor wafers.

'4 lill i l ot )t voldor tr, h h,':o roadins.,r varv by about a

rtur , t . Re'ont 1v xamined P'nion Carbide 4-inch waifers have the
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same range of haze as the 2-inch wafers studied in this program.

Recently examined Kyocera 4-inch wafers have very low haze, about 30 to

50% as high as the Union Carbide 2-inch wafers. Our conclusion is that

a certain range of variation can be expected for wafers from different

epi reactors. This is consistent with the different calibrations

required for UV reflectance haze for wafers from different reactors.(2 6 )

Wafers can be of good quality if the measured haze lies within the range

that is characteristic of the type of epi reactor. Wafers with

extraordinarily high haze can be identified as defective. This is

further clarified by the electrical test results described below.

SOS wafers were processed at Westinghouse ATL to fabricate

p- and n-channel MOSFETs. Many wafers were spoiled in processing. The

major cause of difficulty was cracking of the wafers in high-temperature

processing steps. This occurred despite instructions for slow heating

and cooling to avoid thermal shock. Our conclusion is that losses

during processing due to breakage are still a yield factor to be

considered. A minor case of difficulty was spoilage by improper

photolithography. The wafers that emerged from processing were 0

electrically tested to determine the yield of devices that passed

acceptable limits on leakage current, threshold voltage, mobility, and

transconductance. The observed yield and the measured parameters were

then correlated with the previously measured UV scattering haze, the UV

reflectance haze measured by the vendor, and other characterization

parameters. The principal result is that the very high haze, low-

temperature epi, SOS wafers had very low device yields. However, among

the vendor wafers, and among the Westinghouse epilavers grown at normal .

temperatures, there was no significant correlation between haze and

device yield or other performance parameters. This result is the same

when the wafers are treated as a single gr)up, and when the data are

examined run by run to discriminate aiinst process-induced vari-

ations. Our conclusion is that the vendor wafers, and the Westinghouse

normal temperature epilavers, were good enough so that the starting

material quality was -ot a limiting factor in determining yield.

167

. ..! . o • . .



K.-

Correlations were also run between device yield and parameters,

and characterization data including wafer flatness, wafer bow, epilayer .

thickness, and Raman shift data on layer stress. No statistically

significant correlations were observed.
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